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POSTIRRADIATION EXAMINATIONS OF FUEL PINS 
FROM THE GCFR F-1 SERIES 
OF MIXED-OXIDE FUEL PINS 

AT -5.5 at. % BURNUP 

by 

R. V. Strain and C. E. Johnson 

ABSTRACT 

Pos t i r rad ia t ion examinations were performed on five 
fuel pins from the Gas-Cooled F a s t - B r e e d e r Reactor F-1 ex
per iment i r rad ia ted in EBR-II to a peak burnup of -5 .5 at. %. 
These encapsulated fuel pins were i r radia ted at peak-power 
l inear rat ings from -13 to 15 kw/ f t and peak cladding inside d i -
amete r t empera tu res from -625 to760°C. The maximum d iam
e t ra l change that occurred during i r radia t ion was 0.2% AD/DQ. 

The maximum fuel-cladding chemical interaction depth was 
2.6 mi l s in fuel pin G-1 and 1 mil or less in the other three 
pins examined destruct ively. Significant migra t ion of the vol 
atile fission products occur red axially to the fuel-blanket i n t e r 
faces . The post i r radia t ion examination data indicate that fuel 
mel ted at the inner surface of the annular fuel pellets in the 
two highest power rating fuel pins, but little axial movement 
of fuel occurred . 

I. INTRODUCTION 

The F -1 s e r i e s experiment^ is being i r radia ted in the Exper imental 
Breede r Reactor-I I ( E B R - I I ) as par t of the fuel-pin development p rogram for 
the Gas-Cooled F a s t - B r e e d e r Reactor (GCFR). The general objective of the 
F -1 exper iment is to study fuel-element behavior at cladding t empera tu res 
typical of normal and hot-spot conditions in the GCFR, i.e., in the range of 
600-800°C. The fuel pins were designed v^ith features typical of future GCFR 
designs, within the l imitations imposed by performing the experiment in 
EBR-II in flov/ing sodium and without venting the fission gases from the pins. 
Charcoal t raps were placed in some of the e lements to obtain data on the b e 
havior of activated charcoal under conditions that may be encountered in the 
p ressure -equa l i za t ion and gas-purif icat ion sys tems of GCFR plants. The 
fuel pins also were designed with large plenums to maintain low internal p re s 
s u r e s . The GCFR fuel pins will be vented and Avill not be subject to cladding 
s t r e s s e s that resu l t from internal p ressur iza t ion under normal operating 
conditions. 
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The F-1 encapsulated fuel pins are being i r radiated in a Mark B-7B 
subassembly, a seven-capsule a r ray , with planned inter im examinations at 
burnups of approximately 25,000, 50,000, 100,000 and 125,000 MWd/Te. The 
G-3 capsule was removed from the subassembly after 25,000 MWd/Te and 
given an extensive postirradiation examination.^ Five capsules were removed 
from the subassembly after 53,000 MWd/Te. One original capsule and six 
replacement capsules a re continuing to the higher burnups. The present r e 
port encompasses the detailed destructive examination given the five encap
sulated fuel pins (G-1, G-2, G-5, G-6, and G-7) terminated at 53,000 MWd/Te. 
Initial nondestructive examinations of the capsules w^ere performed at the Hot 
Fuel and Examination Facility ( H F E F ) of Argonne National Laboratory ( A N L ) 

at the EBR-II site in Idaho. Disassembly of the capsules and destruct ive ex
amination of the fuel pins were performed in the Alpha-Gamma Hot-Cell 
Facility ( A G H C F ) of the Materials Science Division in Illinois. 

A. Capsule and Fuel-pin Descriptions 

Each of the capsules was connposed of three major components: the 
outer capsule, the thermal ba r r i e r , and the fuel pin, as shown in Fig. 1. The 
fuel pin (Fig. 2) consisted of a 13.5-in.-long fuel column composed of 0.2595-in. 
outside diameter (OD) by 0.250-in.-long annular fuel pellets with a 0.058-in.-
diam central hole. The fuel pellets had dished ends with a dish depth of 
0.006 in. The composition of the mixed-oxide pellets was 85 wt % UO2 (93% 

U) and 15 wt % PUO2. The fuel weight, smeared density, and oxygen-to-
metal ( O / M ) ratio are given in Table I for each fuel pin. A 3-in.-long axial 
blanket composed of 0.2595-in. OD by 0.250-in.-long solid pellets of natural 
UO2 was located at each end of the fuel colxomn. An Inconel* spring was lo
cated above the upper blanket to maintain the pel let-stack geometry. A sealed 
capsule containing activated coconut charcoal was located near the bottom of 
both the upper and lower gas pleniuns. Fuel pins G-6 and G-7 contained cha r 
coal beds (active traps) in the plenum regions that were open to the gas in the 
fuel pins. The cladding was a 20% cold-worked Type 316 tube with a 0.0185-in. 
wall and a 0.300-in. OD. 

TABLE I. F - 1 Fue l -p in Data 

Fuel 
P ins 

G - 1 

G - 2 

G - 5 

G - 6 

G - 7 

Oxide Fuel 
Weight, g 

109.50 

111.08 

110.21 

107.72 

107.90 

O/M 
Ratio 

1.992 

1.971 

1.990 

1.972 

1.984 

S m e a r e d 
Densi ty , 

% TD 

82.64 

84.12 

83.51 

82.65 

82.54 

Fue l to 
Cladding Gap, 

m i l s 

3 .8-4.9 

3.0-3.8 

4 .1 -4 .5 

4 .0-4 .6 

3 .7-4 .5 

*Trade name for a nickel-base alloy with 70<7<, Ni (min.) and 14-17% Cr, 5-9°7o Fe, and 2-1/4 to 2-3/4fo Ti as 
the other major constituents. 



FUEL ELEMENT 

0:=̂^ ISC ^k ^fiC # 
LOWER PLENUM REGION FUELED REGION UPPER PLENUM REGION 

0.300 in. OD X 18.5-fnil WALL 2 0 % COLD-WORKED TYPE 316 STAINLESS STEEL 

TEMPERATURE MONITOR CAPSULES THERMAL BARRIER TEMPERATURE MONITOR CAPSULES 
^J- G55S3 

I I 7f ^=^m^ I I 

0.625 in. 00 x 0.435in.lD SOLUTION-TREATED TYPE 304 STAINLESS STEEL 

CAPSULE TUBE 

0.778 in. 0 0 x 0.725in.lD SOLUTION-TREATED TYPE 304 STAINLESS STEEL 

Fig. 1. Major Components of the G-3 Capsule. MSD Neg. No. 166497. 
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io4 
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u: 

NATURAL UOj 
UPPER BLANKET MIXED-OXIOE FUEL COLUMN 
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I I I I N I I I I I I I I I I I I I I I M I I I I I I I I ^^A^u^ n 

["̂ O.J 

H h'̂ -
LOWER PLENUM 

10| 

CHARCOAL z\ 

Fig. 2. Schematic of Typical F-1 Fuel Pin. Fuel pins G-6 and G-7 have charcoal in the upper 
and lower plenum regions. All dimensions are in inches. MSD Neg. No. 63999. 
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E a c h t h e r m a l b a r r i e r cons i s t ed of a heavy-wa l l ed , s o l u t i o n - t r e a t e d 
Type 304 s t a i n l e s s s tee l tube. The b a r r i e r s w e r e s i zed to p r o v i d e the d e s i r e d 
c ladding t e m p e r a t u r e for specif ic p ins . The ins ide d i a m e t e r ( I D ) and OD of 
each t h e r m a l b a r r i e r a r e given in Table II . Twenty- four s lo t s , 0.167 in . wide 
by 0.934 in. long, w e r e cut th rough the tube to a c c o m m o d a t e c a p s u l e s c o n t a i n 
ing s i l i c o n - c a r b i d e t e m p e r a t u r e m o n i t o r s . Twelve of the m o n i t o r s w e r e l o 
ca ted be tween 3/4 and 18 in . f rom the bot tom of the b a r r i e r , and the o t h e r 
twelve w e r e loca ted be tween 1 and 19 in. f rom the top of the b a r r i e r . A s lot 
- 85 m i l s wide and 60 m i l s deep was mach ined the full length of the b a r r i e r to 
a c c o m m o d a t e a d o s i m e t e r a s s e m b l y . The d o s i m e t e r a s s e m b l y c o n s i s t e d of a 
s m a l l capsu le (0.042 in. d iam) containing 15-mi l w i r e s of v a n a d i u m , aluminxim, 
copper , and sma l l p a r t i c l e s of f i s s i l e m a t e r i a l . F ive of t h e s e c a p s u l e s w e r e 
p laced at v a r i o u s axia l loca t ions in a 0 .065- in . OD by 0 .056- in . ID tube runn ing 
the full length of the t h e r m a l b a r r i e r . 

TABLE II. Th 

P a r a m e t e r s 

OD, in. 

ID, in. 

G - 1 

0.678 

0.375 

e r m a l - b i 

G - 2 

0.647 

0.375 

a r r i e r Dinaensions 

Fuel P i n s 

G - 5 

0.632 

0.375 

G - 6 

0.596 

0.435 

G - 7 

0.575 

0.481 

The outer capsu le s cons i s ted of 0 .778-in . OD by 0 .725- in . ID s o l u t i o n -
t r e a t e d Type 304 s t a i n l e s s s teel tube . Heat t r a n s f e r f rom the fuel pin to the 
t h e r m a l b a r r i e r and f rom the t h e r m a l b a r r i e r to the capsu le w a s p r o v i d e d by 
sodium in the annul i . The capsule was wrapped with a 0 . 0 2 0 - i n . - d i a m w i r e to 
space the capsu les and provide for mixing of the coolant in the s u b a s s e m b l y . 

B . I r r a d i a t i o n Condit ions 

The five c a p s u l e s w e r e i r r a d i a t e d in s u b a s s e m b l y X094 and then X094A 
for Runs 47 through 54 and 56 through 61 , r e s p e c t i v e l y . The r e l a t i v e p o s i t i o n s 
of the capsu l e s in the s u b a s s e m b l i e s a r e shown in F ig . 3 . The c a p s u l e s w e r e 
i r r a d i a t e d in row 7 of the r e a c t o r , which is the ou te r row of the expanded 
EBR- I I co re (the inner b lanket reg ion of the o r ig ina l 76 s u b a s s e m b l y c o r e ) . 
A s teep fltix gradient o c c u r s a c r o s s this row in EBR-I I ; t h e r e f o r e , the peak 
power of the fuel pins v a r i e d from 15.0 kW/ft for G-1 to 12.75 kW/f t for G-7 
(for Run 51), al though the fuel composi t ion was the s a m e in all fuel p i n s . The 
f i ss ion r a t e for each posi t ion in EBR-I I i s a function of the r e a c t o r loading 
for each run . B e c a u s e of the r e l a t ive ly high ra t io of e x p e r i m e n t s - t o - d r i v e r -
fuel s u b a s s e m b l i e s in EBR-I I , the loading of the r e a c t o r changes qui te f r e 
quent ly. As a r e su l t , the f i ss ion r a t e , and t h e r e f o r e the power r a t i ng of the 
fuel e l e m e n t s , i s a l so subject to change for a l m o s t e v e r y run . The peak 
power for each fuel pin on a r u n - b y - r u n b a s i s i s given in Tab le III T h e s e 



X094 

RUN 47 
THROUGH 
RUN 54 

powers were calculated from f i ss ion- ra te data 
calculated by the EBR-II Project using the DOT 
code.^ The fission ra tes were reduced by 9% to 
co r rec t for the EBR-II power deficit and were 
also correc ted after each run to account for 
burnup. A value of 196 MeV per fission was used 
to calculate the power. 

GRID POSITION 
7B4 

Fuel-pin t empera tu res were calculated 
based on the run-by-run power data using the 
HECTIC III code (a modification of HECTIC II"* 
by the EBR-II Projec t ) . The thermal b a r r i e r was 
simulated when the cladding tempera tures were 
calculated using an artificially thick capsule wall . 
The capsule-wall thickness was determined by an 
i terat ive calculation that was used to compare the 
HECTIC tempera ture drop from the capsule OD 
to cladding OD with detailed hand calculations of 
the tempera ture drop using the real capsule 
geometry at the core midplane. The fuel t e m 
pera tu res a re less accurate than the cladding 
t empera tu res because the HECTIC code does not 
calculate the gap conductance. A gap conductance 
of 1000 Btu/h-ft^-°F was used in the calculat ions. 
The General E lec t r ic fuel conductivity model^ is 
used in the HECTIC subroutine OXIDE to calcu

late the fuel centerl ine t empera tu re . The est imated accuracy of the calculated 
cladding t empera tu res is ±20°C and that of the fuel t empera tu res ±100°C. 

X094A 

RUN 56 
THROUGH 
RUN 61 

GRID POSITION 
7B6 

Fig. 3. Relative Fuel-pin Positions. 
MSD Neg. No. 63997. 

Fuel 
Pins 47 48 49 

TABLE III. Run-by-run Peak Power Ratings 

Peak Power Ratings, kW/ft 

Run Number 

50 51 52 53 54 56 57 58 59 60 61 

G-1 14.6 13.6 14.8 14.5 15.0 13.9 13.9 13.3 14.2 13.6 14.2 14.0 14.0 13.9 

G-2 14.1 13,2 14.3 13.9 14.4 13.4 13.4 12.8 14.4 13.7 14.4 14.1 14.2 14.0 

G-5 13.0 12.1 13.2 12.7 13.3 12.4 12.4 11.8 13.9 13.3 13.9 13.7 13.7 13.6 

G-6 13.0 12.1 13.2 12.6 13.3 12.4 

G-7 12.5 11.6 12.6 12.1 12.8 11.8 

12.4 11.8 13.2 12.6 13.2 13.0 13.0 12.9 

11.9 11.3 12.9 12.4 12.9 12.7 12.7 12.6 

The peak cladding tempera ture (inner surface just above the reac to r 
midplane) of the fuel pins for each run is shown in Table IV. The approximate 
length of each of the runs (total length of the run, although mos t of the runs 
consist of t'wo or m o r e par ts) in hours is also l isted in the table. These t imes 
at t empera tu re were used to calculate the t ime-averaged peak cladding t e m 
pera ture for the fuel pins. Axial t empera ture distr ibutions for the cladding 
and fuel a r e shown in F igs . 4 through 8, using the power conditions in Run 51. 
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These resul ts show that the temperature profile as well as the peak t empera 
ture are influenced by the power (location with respect to the r e a c t o r - c o r e 
center) and the thickness of the thermal b a r r i e r . The thermal b a r r i e r s have 
tended to cause relatively large axial thermal gradients in the lower half of 
the core region and quite flat profiles in the top half. The axial t empera tu re 
distribution in most unencapsulated fuel elements in EBR-II is nearly l inear 
over the core region because EBR-II has a nearly flat axial power profile 
(particularly after the stainless steel reflector was placed in the reac to r b e 
ginning with Run 56). 

TABLE IV. Time-averaged Peak Cladding Temperatures for the F-1 GCFR Fuel Pins 

Fuel 
Pins 

G-1 

G-2 

G-3 

G-5 

G-6 

G-7 

47 
194 

1381 

1344 

1280 

1291 

1225 

1159 

48 
79 

-

-

-

-

-

-

49 
356 

1391 

1354 

1289 

1300 

1232 

1166 

Peak Cla 

50 
535 

1376 

1339 

1275 

1286 

1220 

1153 

51 
597 

1396 

1359 

1293 

1305 

1237 

1170 

dding 

52 
593 

1350 

1315 

1253 

1264 

1200 

1137 

Inner-surface 

53 
596 

1351 

1315 

1253 

1265 

1200 

1137 

54 
584 

1323 

1289 

1229 

1240 

1178 

1118 

Temp 

56 
595 

1368 

1357 

-

1321 

1234 

1175 

Brature 

57 
548 

1339 

1329 

-

1296 

1211 

1154 

opa 

58 
595 

1367 

1356 

-

1322 

1234 

1175 

59 
596 

1358 

1347 

-

1313 

1226 

1168 

60 
595 

1358 

1347 

-

1313 

1225 

1168 

61 
595 

1353 

1343 

-

1309 

1222 

1165 

Time-
averaged 
Temp., 
°F 

1361 

1338 

1266 

1295 

1219 

1158 

The run is indicated by the top row of numbers, and the time in hours is given in the second row. 
total time for all runs was 6979 h. 

The 

2 3 4 5 6 7 8 9 10 II 12 13 
DISTANCE ABOVE CORE BOTTOM, In. 

Fig. 4. Axial Temperature Distribu
tion for the Core Region of Fuel 
Pin G-1. MSD Neg. No. 63955. 

° ' 2 3 4 5 6 7 8 9 10 II 12 13 
DISTANCE ABOVE CORE BOTTOM , In. 

Fig. 5. Axial Temperature Distribu
tion for the Core Region of Fuel 
Pin G-2. MSD Neg. No. 63956. 
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CLADDING OD 

2 3 4 5 6 7 8 9 10 I I 12 13 

DISTANCE ABOVE CORE BOTTOM , In . 

Fig. 6. Axial Temperature Distribu
tion for the Core Region of Fuel 
Pin G-5. MSD Neg. No. 63957. 

Fig. 7. Axial Temperature Distribu
tion for the Core Region of Fuel 
Pin G-6. MSD Neg. No. 63958. 

Fig. 8 

Axial Temperature Distribu
tion for the Core Region of Fuel 
Pin G-7. MSD Neg. No. 63960. 

2 3 4 S 6 7 8 9 10 II 12 13 
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T h e s e five capsu le s w e r e i r r a d i a t e d in two s e g m e n t s , Rur.s 47B t h r o u g h 
54 and Runs 56 through 6 1 . Dur ing the i n t e r i m e x a m i n a t i o n of the ^f-^^^^^'l 
between Runs 54 and 56, the conf igurat ion of the E B R - I I was changed to i nc lude 
four rows of s t a i n l e s s s tee l r e f l e c to r s u b a s s e m b l i e s ( rows 8-11) . One eHec t 
of the s t a i n l e s s s tee l r e f l ec to r s u b a s s e m b l i e s was to r a i s e the n e u t r o n flux and 
f i ss ion r a t e in the outer rows of the c o r e (row 7 is c o n s i d e r e d to be the o u t e r 
m o s t row of the c o r e reg ion in this c a s e ) . To c o m p e n s a t e for the m c r e a s e d 
f i ss ion r a t e , the s u b a s s e m b l y was moved fu r the r f rom the c o r e c e n t e r f r o m 
gr id pos i t ion 7B4 to 7B6. and placed in a " t a i lo red pos i t ion . " The t a i l o r e d 
pos i t ion" cons i s t ed of placing a row of deple ted u r a n i u m b l anke t s u b a s s e m b l i e s 
in row 8 adjacent to the s u b a s s e m b l y to m a i n t a i n a r a d i a l flux g r a d i e n t s i m i l a r 
to the one in posi t ion 7B4. In addit ion to the s u b a s s e m b l y be ing m o v e d a t the 
i n t e r i m examinat ion , each capsu le was ro t a t ed 180° with r e s p e c t to the c e n t e r 
of the c o r e before they w e r e loaded into s u b a s s e m b l y X094A and p l aced in 
pos i t ion 7 B 6 . 

C. D i s a s s e m b l y and Examina t ion of the Capsu le 

After r e ce ip t at the AGHCF, the c a p s u l e s w e r e v i s u a l l y e x a m i n e d 
through the h o t - c e l l windows and photographed at a magn i f i ca t ion of IX. The 
capsu le s w e r e photographed next to a r u l e r so tha t the m a x i m u m bow in the 
capsu le s would be apparen t . M e a s u r e m e n t of the m a x i m u m bow in the caps t i l e s 
us ing this technique showed that the only capsu le exhibi t ing s ign i f ican t bow 
(>0.05 in.) was G - 1 , which had a maximvim bow of 0.12 ± 0.02 in . The bow n e a r 
the midlength of G-1 was toward i ts 180° az imu tha l o r i en ta t ion , which w a s a l s o 
toward the r e a c t o r - c o r e cen t e r when the s u b a s s e m b l y was in p o s i t i o n 7B6. 
Capsule bows of the magni tude obse rved in these c a p s u l e s w e r e not d e t r i m e n t a l 
to the p e r f o r m a n c e of the capsu l e s and caused no dif f icul t ies in d i s m a n t l i n g the 
s u b a s s e m b l y . 

The v i sua l examina t ion and photographs of the c a p s u l e s r e v e a l e d no 
unusua l or a b n o r m a l f e a t u r e s . The lower 25 in. of the c a p s u l e s w e r e d i s c o l o r e d 
and had a b l u e - g r a y ca s t . However , th is i s g e n e r a l l y the condi t ion of the c o o l e r 
reg ion of capsu les i r r a d i a t e d in E B R - I I . 

The d i s a s s e m b l y of the e a r l i e r G-3 capsu l e was fully d e s c r i b e d p r e 
viously , and the five capsu les w e r e d i s a s s e m b l e d us ing s i m i l a r t e c h n i q u e s . 
No se r ious difficulties w e r e e x p e r i e n c e d dur ing the d i s a s s e m b l y of the c a p 
su l e s . In each case , the capsule tube was r e m o v e d f r o m the t h e r m a l b a r r i e r 
in t h r e e sec t ions , as was done for G - 3 . A p p a r e n t l y , even the m i n o r bowing of 
t hese capsu les was sufficient to cause binding of the c a p s u l e tube a g a i n s t the 
t e m p e r a t u r e mon i to r capsu le s that p r o t r u d e d f rom the t h e r m a l b a r r i e r . 

The only o ther difficulty e n c o u n t e r e d w a s the r e m o v a l of a few of the 
d o s i m e t e r capsu les f rom the 0 . 0 6 2 5 - i n . - d i a m tube . In t h r e e o r four c a s e s , the 
d o s i m e t e r capsule tube ac ted a s if i t w e r e quite b r i t t l e and s h a t t e r e d d u r i n g 
the s t r ipping of the 0 .0625-in . tube . In these c a s e s the d o s i m e t e r m a t e r i a l w a s 
a l so damaged and was d i s c a r d e d . F o r t y - t h r e e d o s i m e t e r c a p s u l e s w e r e s u c 
cessful ly r emoved and shipped to G e n e r a l A t o m i c (GA) for a n a l y s e s . 
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D. Nondestructive Examination of the Fuel Pins 

Nondestructive examination of the fuel pins consisted of neutron radiog
raphy, visual examination, gamma scanning, profilometry, and eddy-current 
scanning. 

1. Neutron Radiography 

Neutron radiography of all encapstdated fuel pins was performed 
at TREAT using both dysprosium and indium foils. The resul ts of m e a s u r e 
ments of the fuel-coltimn lengths a re shown in Table V. These data show that 
no significant changes occurred in the fuel-column lengths of the F-1 fuel pins. 
The neutron radiographs also showed that no significant relocation of fuel nor 
gross fai lures had occurred in the fuel pins. 

TABLE V. F-1 Ser ies Fuel-column-length Measurements 

Fuel Measured Initial Adjusted Increase , 
Pins Length, in. Length, in. Length, in. % 

G-1 

G-2 

G-4 

G-5 

G-6 

G-7 

G-8 

2 . 

13.75 

13.8125 

13.5625 

13.6875 

13.5625 

13.5000 

13.5625 

13.63 

13.654 

13.48 

13.60 

13.46 

13.50 

-

Visual and Photographic Examinatii 

13.67 

13.73 

13.48 

13.60 

13.48 

13.42 

13.48 

ons 

0.29 

0.58 

0.0 

0.0 

0.15 

-0.60 

-0.60 

Visual and photographic examinations of the fuel pins showed that 
their surfaces were in good condition, as i l lustrated by the photographs of G-1 
shown in Fig . 9. Minor discolorat ions that fit the pat tern of the tempera ture 
moni tors in the thermal b a r r i e r were found between 3 and 17 in. above the 
bottom end-fitting weld. These m a r k s were also found previously on fuel 
pin G-3 but apparently had no effect on the performance of the fuel pin since 
they did not extend into the fueled region. A significant change in the appear 
ance of the surfaces of G-1 and G-2 was observed just above the fuel-blanket 
interface (-35 in. above the bottom of the capsule). This region of G-1 is 
shown at higher magnification in Fig. 10. At the interface, the surface changes 
from, the usual shiny condition to a mat te or dull finish that extends ~3/4 in. 
upward from the interface. One explanation for the condition is that it is a 
restil t of plate-out of impur i t ies in the bond sodium. A large t empera ture 
gradient in the sodium occurs in this region of the fuel pin, and other studies 
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Fig. 9. Overall View of Fuel Pin G-1, with the Zero Point on the Ruler Placed Even with the Bottom of the Capsule. MSD Neg. No. 182696. 



Fig. 10. Region at the Top of the Fuel Column of G-1 that Exhibited a Matte Finish. MSD Neg. No. 182697. 

have shown that, in systems containing sodium, impuri t ies from the sodium 
tended to be deposited in regions where a large tempera ture gradient existed. 

3. Gamma Spectroscopy 

Gamma spectroscopy w^as performed on the fuel pins using a 
l i thium-drifted germanitim Ge(Li) crysta l scintillation detector . Continuous 
axial scanning for a given isotope was the most frequently used method of 
gamma scanning on these F-1 ser ies fuel pins. This type of spectroscopy is 
useftil for making qualitative comparisons of the relative axial concentrations 
of gamma-act ive ma te r i a l s . When this technique is used, no correct ions a re 
made for the background activity and therefore care must be taken in in t e r 
preting apparent peaks in the gamma activity for any isotope. For cases in 
•which the resul ts from continuous scanning were ambiguous, point cotinting 
v/as performed so that the background activity correct ions could be made and 
the relat ive activity of an isotope could be determined more real is t ical ly . 

The resul t s of the continuous scans are shown in F igs . 11 through 
15. The striking feature on these scans is the axial migrat ion of ^^^Cs to the 
ends of the fuel coltamn. The gamma scans indicate that the concentration of 
Cs is grea tes t just below the fuel-blanket interface at the bottom of the fuel 
column. Cesitun in significant quantities has also migrated into the upper 
blanket just above the top fuel-blanket interface and, in some cases , has m i 
grated axially a distance of two or three pellets into the blanket. Apparently 
the higher cladding tempera ture at the top of the fuel column causes grea ter 
axial migrat ion of Cs. As shown in Fig. 11, a concentration of Cs was also 
located at the bottom of the lower blanket against a s tainless steel plug. Point 
counting showed that none of the less volatile fission products were concen
trated in this region. Therefore, Cs appears to have been t ransported down to 
the end plug ra ther than being generated from fuel par t ic les that might have 
dropped into this region from the fuel colttmn. 

The continuous axial gamma scans for ^°^Ru, ^°^Rh, 95 Nb, and ''^Zr 
from fuel pins G-2, G-5, G-6, and G-7 showed no unusual features . However, 
the long elapsed time betw^een the last i r radia t ion and the scanning of fuel 
pins G-2 and G-5 reduced the counting rate for these isotopes to levels of 
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Fig. 11. Gamma Scans Showing the Relative Activity for "̂̂ '̂ Cs and ^^Nb in the Fuel Column of G-1. MSD Neg. No. 168790. 
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Fig. 12. Gamma Scans Showing the Relative Activity for 137cs and 95Nb in the Fuel Column of G-2. MSD Neg. No. 182698. 
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Fig. 13. Gamma Scans Showing the Relative Activity for -̂"̂  'Cs and Nb in the Fuel Column of G-5. MSD Neg. No. 182237. 
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137^. _ . 95. Fig. 14. Gamma Scans Showing the Relative Activity for •̂ '̂ 'Cs and ^°Nb in the Fuel Column of G-6. MSD Neg. No. 169259. 
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95,. Fig. 15. Gamma Scans Showing the Relative Activity for l^'^Cs and Nb in the Fuel Column of G-7. MSD Neg. No. 162960. 



little s tat is t ical significance. The scan for the less volatile isotopes in 
fuel pin G-1 shows a concentration of fission products in the lower 
1/2 in. of the fuel column, as shown by the ''^Nb scan in Fig. 11. Point 
counting confirmed an increased level of gamma activity from these i s o 
topes in this region. The subsequent destruct ive examination showed that 
the f ission-product concentration was high at the bottom of the fuel column 
because of a la rge metal l ic f ission-product ingot and a g rea te r concent ra 
tion of fuel which resul ted from relocation of fuel due to center l ine m e l t 
ing in the fuel column. Another examination also showed the fuel pin G-2 
had also undergone fuel melt ing. The lack of a peak in the f iss ion-product 
gcunma activity at the bottom of the G-2 fuel column has been attr ibuted 
to the poor s ta t is t ics obtained from the very low cotint r a te . The relat ive 
gamma activity profiles of ^^''Cs and '^Nb reflect the t ime span, approxi
mately ten months, over which the gamma scanning was performed and 
the decay of ^^Nb and the buildup of ^"Cs . No correc t ions were made for 
this decay/buildup, and therefore no quantitative comparisons between fuel 
pins a re possible. Also, no correc t ions were made for background r ad i a 
tion or specimen geometr ic considerat ions. 

4. Prof i lometry 

Diametra l measu remen t s w^ere made on the pins using a contact-
type profi lometer with an accuracy of ±0.0002 in. Measurements were made 
at orientations of 0, 45, 90, ctnd 135°, and the measurement s at each or ien ta 
tion v/ere checked by running the element 180° to these or ientat ions. Results 
of the profi lometry measu remen t s a re shown in F igs . 16 through 20. The 
resul ts of the maximtam diameters and diameter changes a re summarized in 
Table VI. These values sho-w that the relat ive maximtim diameter change 
(maximuin diameter less the diameter at the ends of the fueled region of the 
element) range from 0.2% for element G-1 to 0.07% for e lements G-6 and G-7. 
The profile of elements G-1 and G-2 show waviness at ~ l / 4 - i n . in terva ls , 
indicating fuel-cladding mechanical interact ion. 

5. Eddy-cur ren t Inspection 

The cladding of the fuel pins was inspected using a pulsed eddy-
cur ren t t e s t e r capable of detecting defects in the cladding ID and OD sur faces . 
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Fig. 16 

Postirradiation Diametral 
Profile of Fuel Pin G-1. 
MSD Neg. No. 168570. 
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Fig. 17. Postirradiation Diametral Profile of Fuel Pin G-2. MSD Neg. No. 181301. 
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Fig . 18 . Postinradiation Diamet ra l Profile of Fuel Pin G - 5 . MSD Neg. No. 182236. 



CORE 
TOP 

UPPER 
I BLANKET 

CORE 
BOTTOM 

LOWER 

2 0 
DISTANCE ABOVE THE BOTTOM OF THE CORE. in. 

Fig. 19 

Postirradiation Diametral Profile of 
Fuel Pin G-6. MSD Neg. No. 169261. 
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Fig. 20. Postirradiation Diametral Profile of Fuel Pin CT-7. 
MSD Neg. No. 169262. 
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TABLE V I . Diameter Changes lor F-1 Fuel Pins 

Fuel 
Pins 

G-1 

G-2 

G-5 

G-6 

G-7 

Maximum Diameter, 

0 

0.3011 

0.3001) 

0.3008 

0.3008 

0.3007 

45 

0.3010 

0.3008 

0.3011 

0.3008 

0.3008 

90 

0.3010 

0.3007 

0.3008 

0.3007 

0.3009 

0.3007 

in. 

135 

0,3009 

0.3008 

0,3007 

0.3008 

0.3007 

Distance Irom 
Reference Point, in. 

0 

10-1/2 

11-3/4 

15-1/2 

11-1/2 

U-1/2 

45 

10-1/2 

12-1/2 

15-1/2 

11-1/2 

11-1/2 

90 

11-1/2 

11-1/2 

13-1/2 

11-1/2 

11 

11-1/2 

135 

11 

11-3/4 

12-3/4 

11-1/2 

11-1/2 

11-1/2 

Average 
Maximum 
Diameter. 

in. 

0.3010 

0.3008 

030085 

0,3008 

0.3007 

Average 

0 

0.3004 

0.3004 

0.3004 

0.3006 

0.3006 

Minimu 

45 

0.3003 

0.3004 

0.3004 

0.3005 

0.3006 

m Diameter, in . 

90 

0.3004 

0.3003 

0.3003 

0.3006 

0.3005 

135 

0.3004 

0.3004 

0.3002 

0.3006 

0.3005 

Average 
Minimum 
Diameter, 

in. 

0.3004 

0.3004 

0.3003 

0.3006 

0.3005 

Maximum 
AD. 
In. 

0.0006 

0.0003 

0.0004 

0.0002 

0.0OO2 

Maximum 

AD/DQ. 

0.20 

0.10 

0.13 

0.07 

0.07 

The sys tem ut i l izes a point probe that covers -18° of the c i rcumference of the 
fuel pin. The entire surface is covered by scanning at 15° azimuthal in te rva l s . 
The resu l t s of this method are qualitative in that the response to f iss ion-
product attack (many small defects) is ctimulative and much grea te r than the 
response to large single flaws. Since the device is present ly cal ibrated against 
small d iscre te flaws machined into tubing, the amplitude of the response is not 
a good m e a s u r e of the depth or extent of cladding attack. The re stilts of typical 
scans (0° orientation) for fuel pins G-1, G-6, and G-7 are shown in Fig. 21. 
Subsequent metal lography on sections from the three pins shows that the a m 
plitude of the response from the eddy-current t e s te r did not correspond to the 
depth of cladding attack. The attack in G-1 was more than twice as severe as 
the attack in G-6 and G-7. The attack in G-6 and G-7 was s imi lar , although 
the eddy-cur ren t t races show s imi lar responses for G-1 and G-6 and a l ess 
response for G-7. For the F-1 se r i e s of fuel pins, the eddy-current inspec
tion raethod v/as quite sensitive to any al terat ion of the inner cladding surface, 
but the method was less than successful in indicating the severi ty of the 
a l tera t ion. 

INNER SURFACE OF 6-1 
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BLANKET 

INNER SURFACE OF G-6 

INNER SURFACE OF 6-7 

REACTOR CORE AND FUEL COLUMN 
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_L 
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DISTANCE ABOVE THE BOTTOM OF THE CORE. in. 

-2 

Fig. 21. Response of the Eddy-current Tester for Fuel Pins G-1, G-6, and G-7. MSD Neg. No. 182925. 
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E. Destructive Examinations 

Destructive examinations were performed on four of the five fuel pins, 
i .e. , G-1 , G-2, G-6, and G-7. The resul ts of these examinations a re descr ibed 
herein. 

1, Gas Sampling and Analysis 

The gas was extracted from fuel pins G-1 , G-2, and G-6 by dril l ing 
into the plenum region and t ransferr ing the gas to an evacuated measur ing and 
sampling apparatus. After the volume of the gas was determined, samples of 
the gas were analyzed using a gas m a s s spect rometer . The resul t s of the 
determinations are shown in Table VII. The low fission-gas re lease shown 
for fuel pin G-6 may have resulted from significant amounts of fission gas 
being absorbed on the active (open) charcoal t r aps . A relat ively long t ime 
was required to extract the gas from the G-6 plenvim, which also indicates 
that gas was absorbed on the charcoal in the t r aps . The measured gas vol-
tunes and measured plenum voltomes indicate that the internal p r e s s u r e at 
the end of life was low for these fuel pins. The maximum p r e s s u r e calculated 
for G-1 was -240 psi at operating tempera ture . 

TABLE VII. Resu l t s of Gas Sampling and Ana lys i s 

G a s 

Hz 

H e 

HzO 

Nz 

Oz 

A r 

COz 

K r 

X e 

Tota l Gas 

Calculated 
F i s s i o n - g a s 
Genera t ion , cc 

F i s s i o n Gas 
Re leased to 
P l enum, % 

M e a s u r e d 
P l enum 
Volume, CC 

Volume 

G - 1 

<0.14 

22.6 

<0.14 

0 .3 

<0.03 

0.08 

<0.14 

17.3 

99.9 

139.3 

111.84 

104.8 

21.6 

of Gases Ex t r ac t s 
CC (STP) 

G - 2 

<0.13 

22.5 

-

0 . 4 

<0.01 

0.11 

-

15.0 

95.7 

134.4 

110.25 

100.4 

21.5 

:d, 

G - 6 

<0.08 

19.2 

-

0.25 

<0.01 

0.08 

0.04 

9 .5 

54.4 

83.4 

96.29 

66.4 

18.5 



2. Flow Testing 

Internal helium flow tes t s were made on fuel pins G - 1 , G-6, and 
G-7 to determine whether significant flow res t r ic t ions existed in the fuel-
blanket interface regions. Similar flow tes t s made on fuel pin G-3 from the 
F-1 se r i e s and pin GB-9 from a sweep-gas experiment i r rad ia ted in the 
Oak Ridge Reactor had shown a flow res t r i c t ion tendency at the fuel-blanket 
interfaces . Initially, the flow tes ts were run at relat ively low p r e s s u r e s 
with 50 in. of water (~2 psi gauge) as the mcLximum p r e s s u r e . The apparatus 
used to make these tes t s is shown in Fig. 22. The tes t s were performed by 
drilling 0.08-in.-diam holes through the cladding ~3/8 in. above and below the 
initial (as-loaded) fuel-blanket interface. A saddle valve was clamped over 
one of the holes , and the flow of helium that had been forced into the pin on 
one side of the interface and out through the other hole was measu red at 
severa l p r e s s u r e s . The resul t s of measurements at 45 in. of water (1.6 psi) 
a re given in Table VIII. These resul ts a re in general agreement with data 
obtained previously for pin G-3, which showed flow ra t e s of 0.3 m l / s at 50 in. 
of water at both interfaces . The lack of measurable flow ac ross the upper 
interface in pin G-7 was the exception to the general t rend that indicated the 
severi ty of flow res t r i c t ion increased as the power and operating t empera 
tures for the pins increased. 

Fig. 22 

Flow-testing Apparatus Used to De
termine Helium Flow Rates through 
Several Axial Regions of Fuel Pins G-1, 
G-6, and G-7. MSD Neg. No. 63996. 

TABUE VIII. Flow-testing Results with Low-pressure Test Apparatus 

Fuel 
Pins 

G-1 

G - 6 

G-7 

Differential 
P r e s s u r e , 

in. HjO 

45 

45 

45 

Flow Rate at Lower 
Fuel-Blanket 

Interface, 
m l / s 

-0.02 

0.23 

0.73 

Flow Rate at Upper 
Fuel-Blanket 

Interface, 
m l / s 

-0.03 

0.55 

ND^ 

^ND--No flow was detected; it was assumed that the flow rate was below the 
detectability limit of the low-pressure test apparatus. 



The f low- t e s t i ng a p p a r a t u s was r e b u i l t to ex tend i t s p r e s s u r e 
capab i l i ty to 50 p s i in an effort to d e t e r m i n e if flow was c o m p l e t e l y b locked 
at the uppe r i n t e r f a c e of G - 7 . The me thod of s ea l i ng the s y s t e m on the fuel 
pin a l s o was modi f ied by r e p l a c i n g the sadd le va lve with an O - r i n g s e a l 
(Fig . 23). The r e s u l t s of a s e r i e s of flow t e s t s r u n at the u p p e r i n t e r f a c e of 
pin G-7 a r e shown in F i g s . 24 and 25. The f i r s t t e s t (F ig . 24) was a low-
p r e s s u r e t e s t at r o o m t e m p e r a t u r e t h a t was e x p e c t e d to dup l i ca t e the e a r l i e r 
r e s u l t s with the l o w - p r e s s u r e s y s t e m . H o w e v e r , the flow r a t e a t ~45 in . of 
w a t e r dur ing th i s t e s t was 1.1 m l / s . The r e s u l t s showed tha t e i t h e r the change 
in the m e t h o d of s ea l i ng the s y s t e m to the pin had changed the flow pa th b e 
c a u s e of l ower c l a m p i n g f o r c e s o r a change had o c c u r r e d at the i n t e r f a c e as 
a r e s u l t of s t o r a g e and hand l ing of the p in . The flow r a t e of 1,1 m l / s a p p e a r s 
r e a s o n a b l e in l ight of the flow r a t e of 0.7 m l / s m e a s u r e d a c r o s s the l ower 
i n t e r f a c e . Subsequen t e x a m i n a t i o n s r e v e a l e d no s ign i f i can t Cs d e p o s i t s in 
the r e g i o n of the u p p e r i n t e r f a c e in G - 7 . 

G«S FLOW 

Fig. 23 

Compression Seal Used in Higher 
Pressure Flow Tests on Element G-7 
at the Upper Fuel-Blanket Interface. 
MSD Neg. No. 63990. 

Fig. 24 

Low-pressure Test Results for G-7 Upper Inter
face at Ambient Temperature with the Rebuilt 
Flow-testing Apparatus. MSD Neg. No. 63998. 
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A se r i e s of "h igh" -pressure 
flow tes t s were then performed at the 
upper interface of G-7 at room tem
pera tu re and with the fuel pin heated 
to ~100°C by means of a lamp. The 
initial "h igh"-pressure test at ambient 
t empera tu re showed a flow ra te of 
~20 m l / s at 45 psi . The fuel pin was 
then heated to ~100°C at the interface 
and flow tested with ambient t empera 
ture helium at p r e s s u r e s up to 35 psi . 
The flow^ ra tes at 100°C were signifi
cantly lower than the initial high-
p r e s s u r e flow r a t e s , as shown i n F i g . 2 5 . 
The fuel pin was allowed to cool over
night and was again flow tested at am
bient t empera tu re . The flow ra tes in 
this tes t were lo'wer than in the initial 
ambient t empera tu re tes t but slightly 
higher than in the 100°C t e s t s . Subse
quent tes ts at 100°C gave resul t s s imi 
lar to the f i rs t 100°C test . 

The flow-test resu l t s show that, 
in general , the internal flow^ of hel ium 
is r es t r i c ted at the fuel-blanket in te r 
faces in the F -1 se r i e s e lements . The 
flow res t r ic t ion is most severe in the 
fuel pin that operated at the highest 
pow^er and t empera tu re and is leas t 
severe in the fuel pin that operated at 
the lowest power and t empera tu re . 

In addition, the flow ra t e s ac ross the upper interface of G-7 were less at 100°C 
than at ambient t empera tu re (~30°C). This restxlt was unexpected because the 
heating •was expected to cause expansion of the cladding that would open the 
flow channels inside the fuel pin adjacent to the cladding. This anomaly under
lines the difficulty of extrapolating these flow tes t s to conditions that will exist 
in an operating GCFR fuel pin. 

Fig. 25. 

20 30 40 50 

DIFFERENTIAL PRESSURE, psi 

High-pressure Test Results for G-7 Upper 
Interface. MSD Neg. No. 63995. 

3. Fuel-pin Sectioning 

The ceramographic and metal lographic examinations of samples , 
including optical microscopy and e lec t ron-microprobe analysis of the fuel and 
cladding, constituted the major portion of the dest ruct ive examination. The 
fuel pins were cut into sections as shown in F igs . 26 and 27. The specimens 
for microscopy, three t r a n s v e r s e and two longitudinal sect ions , were placed 
in e lect r ica l ly conducting mounts and prepared for optical microscopy and 
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e l e c t r o n - m i c r o p r o b e a n a l y s i s . The fuel was r e m o v e d f r o m the c ladding of the 
burnup s a m p l e s and ana lyzed for '''^Nd, ^^^La, U, and Pu to d e t e r m i n e the fue l -
pin bu rnup . The cladding p i ece s f r o m the burnup s a m p l e s taken n e a r the c o r e 
midp lane f r o m fuel pins G - 1 , G-2 , and G-6 w e r e used in dens i ty d e t e r m i n a t i o n s 
to d e t e r m i n e cladding swel l ing. Samples w e r e sent to GA for e x p e r i m e n t a l 
d e t e r m i n a t i o n of cladding t e m p e r a t u r e based on the r e l e a s e of Kr f r o m the 
r e c o i l l a y e r of the c ladding; those r e s u l t s a r e not included in the p r e s e n t 
r e p o r t . 
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Fig. 26. G-1 Sectioning Diagram. B, burnup samples; K, samples for temperature determination; 
L, longitudinal metallographic samples; M, samples for detailed microprobe analysis; 
S, biaxial stress-rupture test specimen; and T, transverse metallographic samples. All 
dimensions are in inches. MSD Neg. No. 63947. 

h 1 

U 

SPRING 

I — - + - 3 

UPPER 
BLANKET MIXED-OXIDE CORE REUION 

LOWER 
BLANKET 

i i \ I L I L IBH K^nT^rMT|B|K\rT~\\ |T| |B| ^rrrn^mff 

CORE TOP 

-12'-^-" | 6 

CORE BOTTOM 

Fig. 27. G-2, G-6, and G-7 Sectioning Diagram. B, burnup samples; K, samples for temperature 
determination; L. longitudinal metallographic samples; M, samples for detailed microprobe 
analysis; S, biaxial stress-rupture test specimen; and T, transverse metallographic samples. 
All dimensions are in inches. MSD Neg. No. 63948. 
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4. B u r n u p A n a l y s e s 

The b u r n u p s of fuel p ins G - 1 , G - 2 , and G-6 w e r e m e a s u r e d by 
c h e m i c a l and m a s s - s p e c t r o g r a p h i c a n a l y s e s for '^^Nd and ^^^La. The r e s u l t s 
of a n a l y s e s of s a m p l e s f r o m two o r t h r e e ax i a l l o c a t i o n s on t h e s e p ins a r e 
given in Tab le IX. The '^^Nd y i e ld s u s e d in the a n a l y s e s for ^^^U and ^^^Pu 
w e r e 1.63 and 1.70 a t . %, r e s p e c t i v e l y . The '^ 'La y i e ld s for ^^^U and ^^^Pu 
w e r e 6.3 and 6.0 a t . %, r e s p e c t i v e l y . The "^Nd y ie ld for a f a s t - n e u t r o n flux 
i s m o r e a c c u r a t e l y known than the "^La y i e ld , and the b u r n u p s c a l c u l a t e d f r o m 
the *Nd a n a l y s e s a r e c o n s i d e r e d the m o r e a c c u r a t e v a l u e s for t h e s e p i n s . 

T A B L E IX. B u r n u p D e t e r m i n a t i o n s for G - 1 , G - 2 , and G-6 

F u e l 
P i n s 

G-1 

G-1 

G-2 

G-2 

G-2 

G-6 

G-6 

G-6 

(a) 

Di 
C 

Metal lc 

s t a n c e above 
o r e B o t t o m , 

in . 

6i 
1 2 | 

2 

6 | 

1 2 | 

2 

6 i 
1 2 | 

)graphic E x a m i n a t i o n 

i*8Nd 
B u r n u p , 

a t . % 

5.35 

4.35 

4.91 

5.19 

4.26 

4.44 

4.68 

3.95 

s 

^39La 
B u r n u p , 

a t . % 

5.58 

4 .34 

4.92 

5.21 

4.26 

4.46 

4 .74 

3.97 

The s a m p l e s for m i c r o s c o p y w e r e p r e p a r e d in the A G H C F 
us ing s l o w - s p e e d g r ind ing and po l i sh ing m a c h i n e s . The s a m p l e s w e r e g round 
us ing 320- and 6 0 0 - g r i t s i l i con c a r b i d e p a p e r s and w e r e p o l i s h e d u s i n g 3 -
then l-|j. d i a m o n d p a s t e . H y p r e z * was u s e d a s the l u b r i c a n t in the g r i n d i n g 
and po l i sh ing s t e p s . The s a m p l e s w e r e c l eaned bet 'ween p r e p a r a t i o n s t e p s in 
u l t r a s o n i c b a t h s con ta in ing e thano l . The c ladding -was e t ched e l e c t r o l y t i c a l l y 
u s i n g 5% H C l in m e t h a n o l a t 10 V. The h o t - c e l l a t m o s p h e r e w a s n i t r o g e n tha t 
con ta ined <100 p p m oxygen and ~50 p p m w a t e r . 

The g e n e r a l f e a t u r e s of fuel p ins G - 1 , G-2 , G - 6 , and G-7 a r e 
shown in the m o n t a g e s tha t c o m p r i s e F i g s . 28 t h r o u g h 3 1 . T h e s e f i g u r e s show 
tha t the c e n t r a l ho le ( annu la r p e l l e t s ) in the fuel was c l o s e d a t the top and the 
b o t t o m of the fuel c o l u m n in the h i g h e r pow^er p ins (G-1 and G-2) . In the l o w e r 
p o w e r p i n s , the c e n t r a l h o l e s w e r e c l o s e d a t the b o t t o m of the fuel c o l u m n and 
r e d u c e d in d i a m e t e r a t t he t op . E x a m i n a t i o n r e s t i l t s f r o m fuel p in G-3 at 

•Hyprez is a trade name for a kerosene-base liquid that does not react with alkali metals. 
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Fig. 28. Montage Showing Metallographic Sections from 
G-1 Referenced as to Their Positions in the Fuel 
Pin. All dimensions are in inches. MSD Neg. 
No. 183363. 



37 

Fig. 29. Montage Showing Metallographic Sections from G-2 Referenced as to Their Positions 
in the Fuel Pin. All dimensions are in inches. MSD Neg. No. 183476. 



Fig. 30. Montage Showing the Metallographic Samples from G-6 Referenced as to Their Positions 
in the Fuel Pin. All dimensions are in inches. MSD Neg. No. 183475. 
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Fig. 31. Montage Showing the Metallographic Sections from G-7 Referenced as to Their Positions 
in the Fuel Pin. All dimensions are in inches. MSD Neg. No. 183465. 
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3 a t . % b u r n u p i n d i c a t e d t h a t t h e c l o s u r e of t h e c e n t r a l h o l e a t t h e t o p of t h e 
fue l c o l u m n w a s t h e r e s u l t of c o n d e n s a t i o n of fue l v a p o r s in t h e c o o l e r r e g i o n 
a t t h e e n d of t h e fue l c o l u m n . T h e c l o s i n g of t h e c e n t r a l h o l e a t t h e b o t t o m of 
t h e G - 3 fue l c o l u m n a p p e a r e d t o h a v e r e s u l t e d f r o m fue l c h i p s f a l l i n g d o w n 
t h e c e n t r a l h o l e and v a p o r t r a n s p o r t . T h e s e c t i o n s of G - 1 a n d G - 2 s h o w e v i 
d e n c e of fue l m e l t i n g in t h e f o r m of i r r e g u l a r , b u t n o t j a g g e d , e d g e s on t h e 
c e n t r a l h o l e s a n d d e n d r i t i c fue l s t r u c t u r e s a t t h e b o t t o m of t h e fue l c o l u m n s . 
T h e s e f e a t u r e s , a s t h e y a p p e a r e d i n G - 1 , a r e s h o w n in m o r e d e t a i l i n F i g s . 32 
a n d 3 3 . T h e i r r e g u l a r - s h a p e c e n t r a l v o i d s a r e b e l i e v e d t o b e t h e r e s u l t of 
m o l t e n - f u e l d r i p p a g e a n d n o t a n a r t i f a c t of t h e m e t a l l o g r a p h i c p r e p a r a t i o n . 
T h e m e t a l l o g r a p h i c s e c t i o n s t h a t c o n t a i n e d t h e u n e v e n s h a p e c e n t r a l v o i d s a l s o 
e x h i b i t e d a r i n g of h i g h p o r o s i t y i n t h e t r a n s i t i o n r e g i o n b e t w e e n t h e c o l u m n a r 
a n d e q u i a x e d g r a i n z o n e s . A d d i t i o n a l d i s c u s s i o n of t h e s e f e a t u r e s i s d e f e r r e d 
to S e c . I I . B . 

Fig. 32. Midplane Section from Fuel Pin G-1 Showing 
Uneven Edge on the Central Hole and Ring of 
Porosity at the Outer Edge of the Columnar-
grain Zone. MSD Neg. No. 168568. Fig. 33. Bottom of Fuel Column from Fuel Pin G-1 

Showing Dendritic Structure in the Fuel 
near the Centerline and a Spherical, Me
tallic Fission-product Ingot. MSD Neg. 
No. 168785. 

F i g u r e 34 s h o w s a t r a n s v e r s e s e c t i o n t h r o u g h t h e G - 7 p i n 
3.25 i n . a b o v e t h e b o t t o m of t h e fue l c o l u m n . T h e c o l u m n a r r e g i o n of t h i s s e c 
t i o n w a s g e n e r a l l y m o r e p o r o u s t h a n t h a t of o t h e r s e c t i o n s . A d d i t i o n a l g r i n d i n g , 
w h i c h r e m o v e d ~0.03 i n . of f u e l , p r o d u c e d t h e s t r u c t u r e i n F i g . 3 5 . T h e c l o s e 
n e s s of t he two s e c t i o n s i s a t t e s t e d b y t h e a l m o s t idf tn t i^a l r--r^n\rir^n T^of̂ -̂ -Hv,o 



T h e a b r u p t c h a n g e i n t h e fue l s t r u c t u r e s i s a t t r i b u t e d t o t h e f i r s t s e c t i o n b e i n g 
c u t t h r o u g h t h e d i s h e d e n d of t h e p e l l e t . T h e p o r o u s s t r u c t u r e r e s u l t e d f r o m 
t h e d i s h v o l u m e t h a t w a s i n c o r p o r a t e d i n t o t h e fue l d u r i n g t h e r e s t r u c t u r i n g 
of t h e fue l in t h e r e a c t o r . 
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Fig. 34. Transverse Section of G-7 3\ in. above 
Core Bottom. The section was apparently 
cut quite close to a pellet interface. 
MSD Neg. No. 182653. 

Fig. 35. Transverse Section of G-7 Shown in Fig. 34 
after Regrinding and Polishing. MSD Neg. 
No. 182652. 

T h e m i c r o s t r u c t u r e s of t h e fue l a t t h r e e a x i a l l o c a t i o n s i n 
e a c h p i n a r e show^n in F i g s . 36 t h r o u g h 39- T h e e t c h e d s t r u c t u r e i n t h e f u e l 
s t r i p s f r o m G - 1 a n d G - 2 s h o w s t h a t g r a i n g r o w t h h a s o c c u r r e d i n t h e fue l q u i t e 
c l o s e t o t h e c l a d d i n g . In t h e l o w e r p o w e r fue l p i n s G - 6 a n d G - 7 , a w i d e 
(0 .016 i n . ) u n r e s t r u c t u r e d z o n e e x i s t s n e x t to t h e c l a d d i n g . 

E t c h i n g of t h e fue l a l s o r e v e a l e d t h e t r a i l s l e f t by g a s b u b b l e s 
i n e l e m e n t s G - 1 a n d G - 2 , w h i c h i n d i c a t e d t h a t t h e b u b b l e s a r e m i g r a t i n g t o 
w a r d t h e c l a d d i n g . In fue l p i n s G - 6 a n d G - 7 , t h e b u b b l e s a p p e a r t o b e m i g r a t i n g 
t o w a r d t h e c e n t e r l i n e of t h e fue l p i n s . T h e b u b b l e t r a c k s a r e o n l y s l i g h t l y 
v i s i b l e i n F i g s . 36 t h r o u g h 39 b u t a r e s h o w n a t h i g h e r m a g n i f i c a t i o n i n F i g . 4 0 . 

(b) F u e l - d e n s i t y D e t e r m i n a t i o n s 

T h e d e n s i t y of t h e fue l i n t h e m e t a l l o g r a p h i c s e c t i o n s f r o m 
fue l p i n s G - 1 a n d G - 6 w a s d e t e r m i n e d u s i n g c o m p u t e r i z e d q u a n t i t a t i v e m e t a l 
l o g r a p h i c t e c h n i q u e s . T h e r e s u l t s of t h e s e m e a s u r e m e n t s , g i v e n i n t h e A p p e n 
d i x , i n d i c a t e d t h a t t h e fue l i n t h e h i g h e r p o w e r e d G - 1 p i n t e n d e d to h a v e a 
h i g h e r d e n s i t y t h a n i n G - 6 . H o w e v e r , q u a n t i t a t i v e c o m p a r i s o n of t h e r e s u l t s 
a r e t e n u o u s b e c a u s e t h e m e a s u r e m e n t e r r o r i s of t h e s a m e o r d e r of m a g n i t u d e 
a s t h e m e a s u r e d d i f f e r e n c e s . 



4^ 

(c) 

Fig. 36. Microstructure of Radial Strips of Fuel from Pin G-1 after Chemical Etching in a Solution of 10<7o H2SO4 and 90<7o H2O2. 
(a) Radial strip of fuel 11.3 in. above the bottom of the fuel column, (b) Radial strip of fuel 6.75 in. above the bottom 
of the fuel column, (c) Radial strip of fuel 3.25 in. above the bottom of the fuel column. MSD Neg. No. 169257. 



(a) 

(b) 

Fig. 37. Microstructure of Radial Strips of Fuel from Pin G-2 after Chemical Etching in a Solution of 10% H2SO4 and 90% H2O2. (a) Radial fuel strip 
114 in. above the core bottom, (b) Radial fuel strip at core midplane. (c) Radial fuel strip 3 | in. above the core bottom. MSD Neg. No. 181893. 

4^ 
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(b) 

(c) 

Fig. 38. Microstructure of Radial Strips of Fuel from Pin G-6 after Chemical Etching in a Solution of 10<7o H2SO4 and 90% H2O2. 
(a) Radial strip of fuel 11.15 in. above the bottom of the fuel column, (b) Radial strip of fuel 6.75 in. above the bottom 
of the fuel column, (c) Radial strip of fuel 3.25 in. above the bottom of the fuel column. MSD Neg. No. 169959. 



Fig. 39. Microstructure of Radial Strips of Fuel from Pin G-7 after Chemical Etching in a Solution of 10% H2SO4 and 907° H2O2. (a) Radial fuel strip 
I I5 in. above the core bottom, (b) Radial fuel strip at core midplane. (c) Radial fuel strip 3? in. above the core bottom. MSD Neg. No. 182655. 



G-1 

CENTERLINE CLADDING 

G-6 

Fig. 40. Bubble Tracks in the Fuel from Pins G-1 and G-6, Indicating that the Bubbles Are Moving 
in Opposite Directions. MSD Neg. Nos. 169041-169044 (G-1); 169729-169732 (G-6). 

(c) E l e c t r o n - m i c r o p r o b e E x a m i n a t i o n s of the F u e l 

Deta i led e l e c t r o n - m i c r o p r o b e a n a l y s e s w e r e p e r f o r m e d on 
the fuel in t r a n s v e r s e sec t ions f r o m fuel p ins G-1 and G-6 . Specif ic a r e a s of 
inves t iga t ion w e r e the r ad i a l d i s t r i bu t i on of P u , the r a d i a l v a r i a t i o n in the 
compos i t ion of m e t a l l i c f i s s i o n - p r o d u c t i n c l u s i o n s , and the r a d i a l d i s t r i b u t i o n 
of Mo and Nd in the oxide p h a s e . 

The r a d i a l d i s t r i bu t ion of P u in the fuel c r o s s s ec t ion at the 
c o r e midplane for fuel pin G-1 is shown in F ig . 4 1 . The d i s t r i b u t i o n of P u in 
th is c r o s s sec t ion is c h a r a c t e r i z e d by a l i n e a r g rad ien t f r o m the i nne r edge 
of the c e n t r a l void to ~0.7 of the fuel r a d i u s . At th i s point , the c o n c e n t r a t i o n 
changes suddenly to the a p p r o x i m a t e nomina l compos i t i on of 15% P u . N e a r 
the ou te r edge of the fuel the Pu compos i t ion a l so is h ighe r than the n o m i n a l 
compos i t ion . The Pu content at the edge of the c e n t r a l void was ~20%, and 
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a t t h e l o w e r e n d of t h e l i n e a r g r a d i e n t 
t h e f u e l c o n t a i n e d a b o u t 1 2 . 5 % P u . 
T h e s e r e s u l t s i n d i c a t e t h a t f u e l m e l t 
i n g p r o b a b l y o c c u r r e d o u t t o 70% of 
t h e f u e l r a d i u s s o m e t i m e d u r i n g t h e 
i r r a d i a t i o n . T h e u p t u r n of t h e P u 
c o n t e n t of t h e fue l n e a r t h e o u t e r e d g e 
of t h e fue l h a s b e e n o b s e r v e d in o t h e r 
f u e l p i n s , g e n e r a l l y a t b u r n u p s > 1 0 a t . %, 
b u t n o e x p l a n a t i o n f o r t h i s p h e n o m e n o n 
i s p r e s e n t l y a v a i l a b l e . 

Fig. 41. Radial Plutonium Distribution at the Core 
Midplane of G-1. MSD Neg. No. 63962. 

T h e r a d i a l d i s t r i b u t i o n of P u 
f o r t w o s e c t i o n s f r o m fue l p i n G - 6 
i s s h o w n in F i g s . 42 a n d 4 3 . T h e 

P u d i s t r i b u t i o n i n t h e c o r e m i d p l a n e s e c t i o n ( F i g . 42) w a s n o r m a l f o r a m i x e d -
o x i d e f u e l w i t h a n O / M of 1.97. T h e h y p e r b o l i c g r a d i e n t of t h e P u i s a t t r i b u t e d 
t o m i g r a t i o n of U a n d O d o w n t h e t e m p e r a t u r e g r a d i e n t b y v a p o r t r a n s p o r t 
e a r l y i n t h e f u e l - r e s t r u c t u r i n g p r o c e s s . T h e P u d i s t r i b u t i o n i n t h e s e c t i o n 
13 i n . a b o v e t h e c o r e b o t t o m ( F i g . 43) e x h i b i t e d a d o w n t u r n i n P u c o n t e n t a t 
t h e e d g e of t h e c e n t r a l v o i d a n d a " n o r m a l " d i s t r i b u t i o n o v e r t h e r e m a i n d e r 
of t h e f u e l r a d i u s . T h e m a x i r a u m P u c o n t e n t a n d t h e s h o r t d i s t a n c e of P u r e 
d i s t r i b u t i o n i n t h i s s e c t i o n r e f l e c t t h e l o w e r p o w e r g e n e r a t i o n n e a r t h e t o p of 
t h e f u e l c o l u m n , w h e n c o m p a r e d w i t h t h e p o w e r g e n e r a t e d a t t h e c o r e m i d p l a n e . 
C l o s e e x a m i n a t i o n of t h e r a d i a l d i s t r i b u t i o n of P u i n t h i s s e c t i o n of f u e l s h o w s 
t h a t t h e d o w n t u r n i n P u c o n t e n t o c c u r s i n f u e l l o c a t e d i n s i d e t h e o r i g i n a l r a d i u s 

Fig. 42 

Radial Plutonium Distribution at the Core 
Midplane of G-6. The three traverses are 
designated by O, A, and D . MSD Neg. 
No. 63994. 
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Fig. 43 

Radial Plutonium Distribution 13 in. above 
Core Bottom of G-6. The three traverses 
are designated by O, A, andD. MSD Neg. 
No. 63993. 



of the a s - f a b r i c a t e d c e n t r a l ho le . Th is m a t e r i a l h a s a p p a r e n t l y been d e p o s i t e d 
in th i s r eg ion as a r e s u l t of ax ia l r e l o c a t i o n of fuel by e v a p o r a t i o n of fuel in 
the h o t t e s t r e g i o n s and i t s condensa t ion n e a r the ends of the fuel co lumn . 

The compos i t i on of m e t a l l i c f i s s i o n - p r o d u c t i n c l u s i o n s w a s 
d e t e r m i n e d in the c o r e midp lane sec t ion f r o m fuel pin G - 1 . A t t e m p t s to p e r 
f o r m s i m i l a r a n a l y s e s on the midp lane sec t ion f r o m fuel pin G-6 w e r e u n s u c 
cess fu l b e c a u s e the i nc lu s ions w e r e too s m a l l to a s s u r e tha t the a n a l y s e s 
would not a l so inc lude x - r a y s f r o m the s u r r o u n d i n g oxide p h a s e . The c o m p o 
s i t ion of typ ica l i nc lu s ions f r o m G-1 a r e given in Tab le X. The c o m p o s i t i o n 
of the i nc lu s ions is f a i r ly c o n s i s t e n t in the co lu r ru i a r -g ra in zone excep t tha t 
the Rh concen t r a t i on i n c r e a s e s a s a function of the d i s t a n c e f r o m the e l e m e n t 
c e n t e r l i n e . A s t ep change in the compos i t i on of the i nc lu s ions o c c u r s a t the 
i n t e r f a c e be tween the c o l u m n a r - and e q u i a x e d - g r a i n zones (a l so a r e g i o n of 
high p o r o s i t y ) . The inc lus ions in the e q u i a x e d - g r a i n zone con ta in m o r e P d 
and l e s s Tc and Ru than the inc lus ions in the c o l u r r m a r - g r a i n zone . I nc lu s ions 
tha t conta ined a high Mo concen t r a t i on (~91%) w e r e found in r a d i a l c r a c k s in 
the fuel n e a r the fuel ou te r d i a m e t e r . T h e s e inc lus ions a l s o con ta ined a s i g 
nif icant amount of Cr (~4%). The r a d i a l d i s t r i b u t i o n of Mo and Nd in the oxide 
p h a s e of the fuel at the midp lane of G-1 is shown in F i g . 44 . The Nd d i s t r i b u 
t ion would be expec ted to be t in i form a c r o s s the fuel r a d i u s b e c a u s e Nd i s not 
a mobi le f i s s ion p roduc t . The v a r i a t i o n s o b s e r v e d in the Nd d i s t r i b u t i o n a r e 
a t t r i bu t ed to the mel t ing of the fuel. The r a d i a l d i s t r i b u t i o n of Mo in the oxide 
p h a s e is cont inuous and i s u sed in Sec . II.D to c a l c u l a t e the r a d i a l oxygen p o 
t en t i a l for th is c r o s s sec t ion . 

TABLE X. E l e m e n t a l Compos i t ion of the Me ta l l i c I n c l u s i o n s 
in G-1 at the C o r e Midplane 

F r a c t i o n a l 
Rad ius 

0.282 

0.354 

0.441 

0.538 

0.646 

0.708 

0.723 

0.733 

0.815 

0.974 

1 1 

C o l u m n a r -
g ra in Zone 

' 
I 

' 
1 

Equ iaxed-
g ra in Zone 

1 ' 

M o 

41.8 

43.6 

43.4 

42.3 

42.6 

44.4 

9 1 

T c 

16.8 

16.3 

14.3 

13.3 

7.5 

7.2 

2 .5 

E l e m e n t s , 

R u 

37.0 

34.7 

33.1 

31.3 

20.2 

17.1 

3.4 

R h 

3.4 

4 . 6 

8 .5 

10.2 

4 .9 

3 .4 

( C r 

wt % 

P d 

1.1 

0.9 

0 .6 

2 .8 

23.5 

26.5 

= 3.8) 

F e 

-

-

-

0.04 

0 .6 

0 .6 

-

N i 

-

-

-

0.05 

0 .8 

0 .9 

-
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An effort was made to de te r 
mine the composition of the large m e 
tall ic f ission-product ingot in the bottom 
of pin G-1 (Fig. 33) and to de termine 
the composition of the phases in the 
s t ruc ture just above the ingot. Ade
quate s tandards were not available for 
quantitative analysis of the elements 
in any of these fea tures ; however, the 
qualitative determinat ion of the com
position of the features is quite 
informative. 

0.1 

The large f ission-product ingot 
(Fig. 45) contained about equal par t s 
of Mo, Tc, and Ru with small amounts 
of Rh and Pd. This composition is 
s imi lar to that of the metall ic f ission-
product inclusions found in the colum
nar region of the fuel in the t r ansve r se 
section taken at the r e a c t o r - c o r e mid
plane. This large ingot was apparently 
formed from smal ler ingots that col
lect on the edges of the central void 
as a resul t of radial migrat ion of in
clusions up the tempera ture gradient. 

A number of these small ingots either fell to the bottom of the central void or 
were ca r r i ed to the bottom of the colunan by slumping fuel. The spher ical 
shape of the ingot indicates that it was surrounded by molten mate r i a l after 
movement to the bottom of the fuel column. 

0,2 0.3 0.4 0.5 0.6 0,7 0.8 0,9 1.0 

FRACTIONAL FUEL RADIUS 

Fig. 44. Radial Mo and Nd Distribution in the Oxide 
Phase of the Fuel at the Core Midplane of 
G-1. MSD Neg. No. 63961. 

Examination of the dendri t ic s t ruc ture near the bottom of G- 1 
(Fig. 45) revealed that it was composed of U, Pu, and Ba (presumably as oxides) 
and only t race amounts of Sr and Zr . The dark phase at the centerl ine was 
nearly pure BaO. The light dendri t ic phase extending from the high density 
fuel contained very litt le BaO and had the same composition as the high density 
fuel. The other two phases contained significant amounts of Ba; the phase with 
the dark appearance had the higher Ba content. The dendri t ic s t ruc ture and 
Ba gradients indicate that eutectics were formed bet\veen the UOz-PtiOz fuel 
and BaO and the other two phases present may be mixed-oxide and ba r ium-
oxide compounds that correspond to BaUOs and Ba3U06 in the Ba-U-O system. 

Extensive a r eas of the UO2 blanket pellet adjacent to the bottom 
of the G-1 fuel column contained Cs , as indicated in Fig. 46. No quantitative 
determinat ion of the Cs content in these regions was made, but the UO2 con
tained significant amounts of Cs in the shaded regions. Similar examinations 
were performed in the region at the top of the fuel colurans in fuel pins G-6 
and G-7. The Cs at the top of the fuel column and in the adjacent blanket 
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FUEL MICROSTRUCTURE NEAR THE BOTTOM 
OF THE FUEL COLUMN IN ELEMENT G-1 

BOTTOM OF THE FUEL COLUMN 

Fig. 45. Fuel Microstructure near the Bottom of the Fuel Column of G-1. MSD Neg. No. 181755. 
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p e l l e t s in t h e s e fue l p i n s d i d n o t a p 
p e a r t o h a v e r e a c t e d e x t e n s i v e l y v / i th 
e i t h e r t h e fue l o r b l a n k e t p e l l e t s . 
C e s i u m w a s found in t h e g a p s b e t w e e n 
t h e p e l l e t s a n d t h e c l a d d i n g a n d in 
c r a c k s i n t h e b l a n k e t p e l l e t s . I o d i n e 
w a s fovmd c o n c u r r e n t l y w i t h t h e C s i n 
s e v e r a l of t h e d e p o s i t s b u t n o t i n a l l 
c a s e s . A t y p i c a l a r e a of t h e g a p b e 
t w e e n t h e f i r s t b l a n k e t p e l l e t a n d t h e 
c l a d d i n g a t t h e t o p of t h e G - 7 fue l 
c o l u m n i s s h o w n i n F i g . 4 7 . T h i s d e 
p o s i t w a s ~25 |a w i d e a n d 1500 |i l o n g 
a n d a p p e a r s t o b e C s l . 

(d) F u e l - C l a d d i n g C h e m i c a l 
I n t e r a c t i o n 

F u e l - c l a d d i n g c h e m i c a l 
i n t e r a c t i o n ( F C C I ) w^as o b s e r v e d in a l l 
m e t a , l l o g r a p h i c s a m p l e s f r o m t h e f u e l e d 
r e g i o n of t h e fue l p i n s e x c e p t t h o s e a t 
t h e b o t t o m of t h e fue l c o l u m n . In g e n 
e r a l , t h e F C C I w a s l e a s t s e v e r e in t h e 
l o w e r r e g i o n s ( 3 ^ i n . a b o v e c o r e b o t t o m ) 
a n d m o s t s e v e r e n e a r t h e t o p of t h e 
fue l c o l u m n . E x a m p l e s of t h e m o s t 
s e v e r e F C C I fo r e a c h fue l p i n a r e s h o w n 

in F i g s . 48 t h r o u g h 5 1 . T h e r e s u l t s of p h o t o g r a p h i c m e a s u r e m e n t s of t h e F C C I 
d e p t h s a r e s u m m a r i z e d in T a b l e XI . T h e d e p t h of t h e F C C I w a s o b t a i n e d b y 
m e a s u r i n g t h e t h i c k n e s s of u n a t t a c k e d r e g i o n s of t h e c l a d d i n g a n d s u b t r a c t i n g 
t h e r e m a i n i n g t h i c k n e s s of u n a f f e c t e d c l a d d i n g in t h e r e g i o n s w h e r e F C C I o c 
c u r r e d . T h i s m e t h o d of m e a s u r e m e n t i s m o r e r e l i a b l e t h a n m e a s u r i n g o n l y 
t h e w i d t h of t h e a t t a c k e d z o n e b e c a u s e t h e m a t e r i a l g e n e r a l l y i n c r e a s e s i n 
v o l u m e a s t h e c h e m i c a l i n t e r a c t i o n o c c u r s . T h e r e f o r e , t h e w i d t h of t h e a t 
t a c k e d z o n e m a y b e t w i c e a s g r e a t a s t h e r e d u c t i o n i n t h e u n a f f e c t e d c l a d d i n g 
w a l l t h i c k n e s s . 

T h e F C C I in m o s t of t h e s p e c i m e n s w a s n o n u n i f o r m a r o u n d 
t h e c i r c u m f e r e n c e of t h e f u e l . In fue l p i n G - 1 , a s t r i k i n g l a c k of a t t a c k o c 
c u r r e d in t h e c l a d d i n g w h e r e r a d i a l c r a c k s i n t h e f u e l i n t e r s e c t e d t h e c l a d d i n g . 
A l s o , e v i d e n c e of t h i s c o r r e l a t i o n e x i s t e d b e t w e e n c r a c k s i n t h e fue l a n d l a c k 
of F C C I in G - 2 a n d G - 7 , b u t i t w a s l e s s o b v i o u s b e c a u s e t h e a t t a c k w a s l e s s 
s e v e r e . 

Fig. 46. Areas Containing High Cs Concentrations in 
the Blanket Pellet Adjacent to the Bottom of 
the G-1 Fuel Column. MSD Neg. No. 168786. 

T h e f u e l - c l a d d i n g i n t e r f a c e r e g i o n s n e a r t h e m i d p l a n e of f ue l 
p i n s G - 1 a n d G - 6 w e r e e x a m i n e d b y e l e c t r o n - m i c r o p r o b e a n a l y s i s t o d e t e r m i n e 
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t h e c h e m i c a l e l e m e n t s t h a t w e r e p r e s e n t a n d t o d e t e r m i n e if t h e F C C I e x t e n d e d 
d e e p e r i n t o t h e c l a d d i n g t h a n w a s a p p a r e n t f r o m o p t i c a l m i c r o s c o p y . T h e d e p t h 
of F C C I , a s i n d i c a t e d b y t h e d e e p e s t p e n e t r a t i o n of C s , I , a n d T e , a g r e e d q u i t e 
w e l l w i t h t h e r e s u l t s of o p t i c a l m i c r o s c o p y . T h e F C C I in fue l p i n G - 1 v a r i e d 
f r o m i n s i g n i f i c a n t a d j a c e n t to r a d i a l c r a c k s i n t h e fue l to a s d e e p a s 2 .5 m i l s 
w h e n m e a s u r e d f r o m t h e o r i g i n a l ID of t h e c l a d d i n g . T h e m a x i m u m d e p t h of 
F C C I o b s e r v e d in t h e s a m p l e f r o m G - 6 w a s ~1 m i l w h e n t h e t h i c k n e s s of t h e 
u n a f f e c t e d c l a d d i n g w a s s u b t r a c t e d f r o m t h e o r i g i n a l c l a d d i n g t h i c k n e s s . T h e 
w i d t h of t h e F C C I z o n e in G - 6 w a s a s g r e a t a s 2 m i l s , i l l u s t r a t i n g t h e i n w a r d 
d i s p l a c e m e n t of t h e l o w - d e n s i t y r e a c t i o n p r o d u c t s f r o m t h e F C C I . 

Sample Current Cesium 

Fig. 47 

Part of a Deposit of Csl in the Upper Blanket 
Region of G-7. Mag. ~500X. ANL Neg. 
No. 306-78-451. 

Iodine 
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(a) (b) 

(c) (d) 

Fig. 48. Typical Fuel-Cladding Chemical Interaction in the Metallographic Sample from Fuel Pin G-1. 
(a) Top longitudinal section, (b) Transverse section 11.3 in. above core bottom, (c) Transverse 
section 6.75 in. above core bottom, (d) Transverse section 3.3 in. above core bottom. MSD Neg. 
No. 169258. 
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(a) (b) 

(c) (d) 

Fig. 49. Typical Fuel-Cladding Chemical Interaction in the Metallographic Sections from Fuel Pin G-2. (a) Top longitudinal section, (b) Transverse 
section 11-1/4 in. above core bottom, (c) Transverse section 6-3/4 in. above core bottom, (d) Transverse section 3-1/4 in. above cote 
bottom. MSD Neg. No. 184707. 



(c) (d) 

Fig. 50. Typical Fuel-Cladding Chemical Interaction in the Metallographic Sections from Fuel Pin G-6. (a) Top longitudinal section, (b) Transverse 
section 11.15 in. above core bottom.' (c) Transverse section 6.75 in. above core bottom, (d) Transverse section 3.25 in. above core bottom. 

MSD Neg. No. 169958. 

U l 
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Fig. 51. Typical Fuel-Cladding Chemical Interaction in the Transverse Metallographic Sections from Fuel 
Pin G-7. (a) 11-1/4 in. above core bottom. MSD Neg. No. 182496. (b) 6-3/4 in. above core 
bottom. MSD Neg. No. 182493. (c) 3-1/4 in. above core i--"-— î fci-. M » - W„ noo^r,^ 
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TABLE XI Fuel-Cladding Chemical Interaction Data for GCFR F-1 Series Irradiation 

Fue l 
P ins 

G - 3 
G - 3 

G - 1 
G - 1 

G - 2 
G - 2 

G - 6 
G - 6 

G - 7 
G - 7 

Axial 
Pos i t ion 

Midplane 
T o p 

Midplane 
T o p 

Midplane 
T o p 

Midplane 
T o p 

Midplane 
H i in . ' ' 

Estinnated 
Burnup, 

at. % 

2 .7 
2 .4 

5 .6 

4 .9 

5.4 
4 .7 

4 .9 
4 . 2 

-
-

O/M 

1.99 
1.99 

1.99 
1.99 

1.97 
1.97 

1.97 
1.97 

1.98 
1.98 

T i m e - a v e r a g e d 
Cladding ID 

T e m p e r a t u r e , 
°C 

680 
680 

735 
7 35 

720 
720 

660 
660 

615 
625 

Maximum 
Depth of 
Attack, 

mi l s 

0 . 3 
0 . 3 

2 .5 
2 .6 

1.0 
1.2 

0 .6 
1.0 

1.0 
1.3 

C o m m e n t s ^ 

Uniform; Mat r ix 
Uniform; Mat r ix 

Nonuniform; Combinat ion 
Nonunifornn; Combinat ion 

Nonuniform; I n t e r g r a n u l a r 
Nonuniform; I n t e r g r a n u l a r 

Unifornn; I n t e rg r anu l a r 
Uniform; I n t e r g r a n u l a r 

Nonuniform; In t e rg r anu l a r 
Nonuniforni; I n t e r g r a n u l a r 

^Unifornn or nonuniform refers to the variation or lack of variation in the depth attack around 
the circun^ference of the interface. Matrix, intergranular, or combination refers to the nature 
of the attack. Combination means the attack exhibited both matrix and intergranular types of 
attack. 
Distance above core bottom. 

The x - r a y images from two regions of the deepest FCCI from 
G-1 a re shown in F igs . 52 and 5 3. These resu l t s show a depletion of Fe and 
Ni and an enhancement of Cr , Mn, and Cs in the FCCI zone. Trace amotints 
of I and Te were also observed in the attack zone. No Mo was found in this 
zone, which is unusual when compared with previous post i r radia t ion r e su l t s . 
The FCCI in this section appears to be in tergranular at its leading edge, but 
entire grains (matr ix attack) near the fuel-cladding interface have been con
sumed or lost during sample prepara t ion. 

The x - r a y images and line scans of the FCCI zone from near 
the midplane of G-6 (Figs. 54 and 55) were representa t ive of the deepest attack 
observed in G-6. These resu l t s indicate that F e , Ni, and Cr were depleted in 
the FCCI zone but Cr was great ly enhanced near the fuel-cladding interface 
and Cs and Mo were enhanced in the FCCI zone. No I or Te was observed in 
the attacked zone of G-6, but this examination was performed on the shielded 
microprobe , which has higher l imits of detection than the microprobe used on 
the sample from G-1 . Therefore , the small quantities of I and Te detected in 
G-1 may have been undetectable in G-6. The FCCI in G-6 was p r imar i ly in
te rgranula r but grains were also par t ia l ly consumed near the fuel-cladding 
interface. 

(e) Cladding Micros t ruc ture 

The mic ros t ruc tu re s of the cladding in the t r a n s v e r s e sections 
(3i", 6 | , and l l | in. above reac to r core bottom) were examined by e l ec t ro -
etching the cladding using ei ther 5% HCl in methanol or 10% oxalic acid in 
water . When these etchants a r e used, the cha rac te r i s t i c s of the m i c r o s t r u c 
tures developed for a specimen a r e s imi la r in appearance , except that the 
oxalic acid at tacks the carbides and in termeta l l ic phase , whereas the HCl a t 
tacks the chromiumi-depleted regions surrounding the precipi ta tes but does 
r,,-,+ of+o<-U- tVip Tirecinitates. In s t ruc tu res where the precipi ta tes a r e fine, the 
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a. Sample Current b. Cesium c. Tellurium 

d. Iron e. Chromium f. Nickel 

g. Uranium-Plutonium h. Manganese i. Iodine 

Fig. 52. Electron-microprobe Scanning Images of GA Fuel Pin G-1 at Core 
Midplane. All images 190jim^. ANL Neg. No. 308-3866. 
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a. Sample Current b. Cesium c. Tellurium 

d. Iron e. Chromium f. Nickel 

g. Uranium-Plutonium h. Manganese i. Iodine 

Fig. 53. Electron-microprobe Scanning Images of GA Fuel Pin G-1 from a Second 
Location on the Sample. All images 190/tm^. ANL Neg. No. 308-3862. 
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SPECIMEN CURRENT IRON CHROMIUM NICKEL 

^ M H H B M ^ n _40y_ 
-» 

MOLYBENUM CESIUM URANIUM PLUTONIUM 

Fig. 54. Electron-microprobe Scanning Images of Typical FCCI at Core Midplane of G-6. MSD Neg. No. 181578. 
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Fig. 55 

Line Scans of FCCI at Core Midplane 
of G-6. MSD Neg. No. 63992. 

T h e m i c r o s t r u c t u r e s t y p i c a l of e a c h of t h e t r a n s v e r s e s e c t i o n s 
f r o m G - 1 a n d G - 6 a r e s h o w n in F i g s . 56 t h r o u g h 6 1 . N o n e of t h e s a m p l e s 
s h o w e d e v i d e n c e of c i r c u m f e r e n t i a l v a r i a t i o n s i n t h e m i c r o s t r u c t u r e s . S i g 
n i f i c a n t d i f f e r e n c e s e x i s t e d in t h e m i c r o s t r u c t u r e f r o m s p e c i m e n t o s p e c i m e n 
f r o m a f u e l p i n a n d f r o m p i n t o p i n , a s w o u l d b e e x p e c t e d f r o m t h e a x i a l t e m 
p e r a t u r e g r a d i e n t s a n d p i n - t o - p i n t e m p e r a t u r e d i f f e r e n c e s . T h e m o s t s t r i k i n g 
m i c r o s t r u c t u r e s w e r e o b s e r v e d in t h e c l a d d i n g f r o m t h e h i g h - t e m p e r a t u r e 
r e g i o n s of p i n G - 1 . F a i r l y l a r g e i n t e r m e t a l l i c p r e c i p i t a t e s w e r e p r e s e n t n e a r 
t h e ID a n d m i d w a l l of t h e c l a d d i n g i n t h e s e c t i o n s 64 a n d I I 4 i n . a b o v e t h e c o r e 
b o t t o m . T h e p r e s e n c e of i n t e r m e t a l l i c p r e c i p i t a t e s i n G - 1 a r e i n a g r e e m e n t 
w i t h t h e c a l c u l a t e d o p e r a t i n g t e m p e r a t u r e s f o r t h e c l a d d i n g a n d w i t h a n n e a l i n g 
s t u d i e s t h a t h a v e b e e n p e r f o r m e d o n a r c h i v e t u b i n g . T h e m i c r o s t r u c t u r e s i n 
t h e r e m a i n i n g s p e c i m e n s i n d i c a t e t h a t t h e c l a d d i n g h a s b e e n s e n s i t i z e d ( c a r b i d e 
p r e c i p i t a t e s o n t h e g r a i n a n d t w i n b o u n d a r i e s ) . T h e p r e c i p i t a t e s i n t h e s e c t i o n 
f r o m G - 2 a r e f a i r l y c o a r s e , i n d i c a t i n g t h a t t h e c a r b i d e p r e c i p i t a t e s h a v e a g 
g l o m e r a t e d . A d d i t i o n a l c o m m e n t s on t h e m i c r o s t r u c t u r e of t h e c l a d d i n g a r e 
i n c l u d e d in S e c . I I . E . 



(a) (b) (c) 

Fig. 56. Cladding Microstructure 3.3 in. above the Bottom of Core in G-1. Sample was electroetched in 57o HCl in methanol, (a) Cladding OD. 
MSD Neg. No. 169152. (b) Cladding midwall. MSD Neg. No. 169149. (c) Cladding ID. MSD Neg. No. 169148. 



(a) (b) (c) 

Fig. 57. Cladding Microstructure 6.75 in. above the Bottom of Fuel Column G-1. Sample was electroetched in 5% HCl in methanol, (a) Cladding OD. 
MSD Neg. No. 169158. (b) Cladding midwall. MSD Neg. No. 169156. (c) Cladding ID. MSD Neg. No. 169153. 
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(a) (b) (c) 

Fig. 58. Cladding Microstructure 11.3 in. above the Bottom of Fuel Column G-1. Sample was electroetched in 5% HCl in methanol, (a) Cladding OD. 
MSD Neg. No. 169164. (b) Cladding midwall. MSD Neg. No. 169161. (c) Cladding ID. MSD Neg. No. 169159. 



Fig, 

f r in G-6 sample was electroetched in 5% HCl in methanol, (a) Cladding OD. 
59. C l a d d i n g M i c r o s t r u c t u r e 3 . 2 5 i n . a b o v e t h e B o t . m ^ C o . nG^^^ ^e) Cladding ID. MSD Neg. No. 169734. 

MSD Neg. No. 169738. (b) Cladding midwall. MSD Neg. r. 
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(b) (c) 

Fig. 60. Cladding Microstructure 6.75 in. above the Bottom of Core in G-6. Sample was electroetched in iPjo HCl in methanol, (a) Cladding OD. 
MSD Neg. No. 169758. (b) Cladding midwall. MSD Neg. No. 169756. (c) Cladding ID. MSD Neg. No. 169753. 



(a) 

I' 
(b) (c) 

Fig. 61. Cladding Microstructure 11.15 in. above the Bottom of Core in G-6. Sample was electroetched in 5<7o HCl in methanol, (a) Cladding OD. 
MSD Neg. No. 169781. (b) Cladding midwall. MSD Neg. No. 169779. (c) Cladding ID. MSD Neg. No. 169776. 
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(f) C l a d d i n g - d e n s i t y D e t e r m i n a t i o n s 

I m m e r s i o n - d e n s i t y d e t e r m i n a t i o n s w e r e p e r f o r m e d on s a m p l e s 
f r o m n e a r the c o r e midp lane of fuel p ins G - 1 , G-2 , and G-6 . The fuel w a s 
r e m o v e d f r o m ~1 /4- in . - long c ladding s a m p l e s and the IDs of the s a m p l e s w e r e 
c l eaned us ing a b r a s s b r u s h followed by e l e c t r o p o l i s h i n g in 40% s u l p h u r i c -
60% p h o s p h o r i c ac id . 

The dens i t y d e t e r m i n a t i o n s w e r e p e r f o r m e d u s i n g a Model M-4 
M e t t l e r s e m i - m i c r o b a l a n c e in a sh ie lded glovebox. W a t e r , to wh ich a few 
d r o p s of Photof lo* had been added , was u s e d a s the i m m e r s i o n m e d i u m . The 
spec i f ic g r a v i t y of the w a t e r w a s d e t e r m i n e d be fo re and a f t e r e a c h s e r i e s of 
d e n s i t y m e a s u r e m e n t s . The d e n s i t y of the a r c h i v e s a m p l e s u s e d in f ab r i ca t i ng 
fuel p ins G-1 th rough G-8 w a s a l s o d e t e r m i n e d p e r i o d i c a l l y . The t e m p e r a t u r e 
of the w a t e r w a s m e a s u r e d du r ing each d e n s i t y m e a s u r e m e n t . The t e m p e r a 
t u r e r e m a i n e d n e a r l y cons tan t and had a neg l ig ib l e effect on the spec i f i c 
g r a v i t y of the w a t e r . 

The a c c u r a c y of i m m e r s i o n - d e n s i t y m e a s u r e m e n t s i s a func
t ion of the s a m p l e s i z e and shape and i s dependen t on the a p p a r a t u s and t e c h 
nique employed . T h e r e f o r e , the abso lu te a c c u r a c y of the d e n s i t y m e a s u r e m e n t s 
was not d e t e r m i n e d . The r e s u l t s f r o m 15 m e a s u r e m e n t s on a r c h i v e s p e c i m e n s 
had a s t a n d a r d dev ia t ion of ±0.00537 g / c c . F i v e d e t e r m i n a t i o n s w e r e m a d e on 
each of the i r r a d i a t e d s a m p l e s , and if the p r e c i s i o n on the i r r a d i a t e d s a m p l e s 
w e r e a s good a s for the a r c h i v e s a m p l e s the 95% conf idence i n t e r v a l for t h e s e 
m e a s u r e m e n t s would be ±0.006 g / c c . 

The r e s u l t s of the d e n s i t y m e a s u r e m e n t s a r e given in Tab le XII. 
T h e s e data show tha t , to within the exper innen ta l e r r o r , no i r r a d i a t i o n - i n d u c e d 
change o c c u r r e d in the dens i ty of the c ladding of t h e s e t h r e e fuel p i n s . 

TABLE XII. C l add ing -dens i t y M e a s u r e m e n t s 

F l u e n c e 
(E > 0.1 MeV), 

n / cm^ 

4.0 X 1 0 " 

3.7 X l O " 

3.2 X 1 0 " 

A r c h i v e Sample 

T i m e - a v e r aged 
Midwall 

T e m p e r a t u r e , 
°C 

718 

705 

659 

-

M e a s u r e d 
Dens i ty , 

g / cm^ 

7.976 

7.967 

7.966 

7.971 

M e a s u r e d 
V o l u m e 
Change , 

% 

-0 .06 

+0.05 

+0.06 

-

C a l c u l a t e d 
V o l u m e 

C h a n g e , ^ 
% 

+0.25 

+0.06 

+0.67 

-

^Values w e r e ca lcu la ted us ing equat ion for r a d i a t i o n - i n d u c e d swe l l ing 
in 20% co ld -worked Type 316 s t a i n l e s s s t e e l f r o m the N u c l e a r S y s 
t e m s M a t e r i a l s Handbook, TID-26666 , Rev i s ion 2, J une 19, 1974. 

•Trade name for a wetting agent used to reduce the surface tension of the warpr 
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II. DISCUSSION 

A. Volatile F iss ion-product Migration 

The axial gamma scans show that significant quantities of '^^Cs have 
migrated to the fuel-blanket interfaces in these fuel pins. Gamma scanning 
shortly after irradiation^ showed that, in fuel pin G-1 , ^^'l exhibited behavior 
s imi la r to the '^^Cs. Plotting the combined *"Cs activity and the profi lometry 
resul ts for pins G-1 and G-2, F igs . 62 and 63 show that the peak in the 
Cs gamma activity at the bottom of G-1 and at the top of G-2 coincide with 
localized d iametra l i n c r e a s e s . These localized d iametra l inc reases a re caused 
by chemical react ions between the UO2+X blanket pellets and the Cs or Cs com-
potinds to form a lower density mate r i a l that s t r e s s e s the cladding locally. The 
flow res t r ic t ions at the ends of the fuel columns found during the flow tes ts 
were probably the resu l t of migrat ion of the volatile fission products and their 
subsequent reaction with the U02-)-x blanket pel le ts . The e lec t ron-microprobe 
examination that showed significant quantities of Cs in the top pellet of the 
lower blanket region of G-1 is corrobora t ive evidence of this Cs-U02-|-x-i"eaction 
cladding deformation mechanism. Fuel-pin failures that resul t from this mech
anism have been observed^ at the bottom and top fuel-blanket interfaces in high 
burnup mixed-oxide fuel pins which contained low O / M fuel and slightly hyper
stoichiometr ic blanket pe l le t s . 

The extent of the volatile f ission-product migrat ion, as indicated by the 
Cs gamma scans , was significantly g rea te r in fuel pins G-1 , G-2, and G-5 (all 
exhibited Cs peaks near the top of the fuel column) than in pins G-6 and G-7. 
Pins G-6 and G-7 were tmique in that they contained active charcoal t r aps , i .e. , 
the charcoal was exposed to the plenum gases . Pins G-6 and G-7 also operated 
at lower l inear powers and lower cladding t empera tu res than the other three 
pins. The effect of the lower powers and t empera tu res ra ther than the presence 
of the charcoal t raps is believed to be the cause of the differences in volatile 
f ission-product migra t ion . 

During gamma scanning of pin G-1 , Cs was detected at the bottom of 
the lower blanket region and at the lower end plug. Although the amount of 
^^'Cs at the bottom end plug (~1 5 in. below the core bottom) was quite small , 
these resu l t s indicate that ^^^Cs can be t ranspor ted relat ively long distances 
in the fuel pin. In G-1 the movement of ^^^Cs to the bottom end plug was prob
ably aided by gravi ty. However, Cs was found to have reacted with a stain
less s teel connector Z-^ in. above the top of the fuel column in a vibrator i ly 
compacted fuel pin at 1 0 at . % burnup,* indicating significant vapor t r anspor t 
of ^^^Cs can occur . 
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RELATIVE " ' c s GAMMA ACTIVITY AND ELEMENT DIAMHER FOR 
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Fig. 62. Relative Axial ^^^cs Gamma Activity and the Axial Diametral Profile of Pin G-1 Showing a Local Cladding Diametral 
Increase at the Same Axial Location as the Peak in the ^ '̂̂ Cs Activity near the Bottom Fuel-Blanket Interface. 
MSD Neg. No. 182439. 
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RELATIVE " V = GAMMA ACTIVITY AND ELEMEN' DIAMETER FOR 

ELEMENT G-2 FROM SUBASSEMBLY X094 
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Fig. 63. Relative Axial •'•" '̂'cs Gamma Activity and the Axial Diametral Profile for Pin G-2 Showing a Local Cladding Diametral 
Increase at the Same Axial Location as the Peak in the l^'^Cs Activity near the Top Fuel-Blanket Interface. 
MSD Neg. No. 182442. 
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In assess ing the axial migration of volatile fission products in the 
F -1 fuel pins, one should rennember that the axial power profile in EBR-II is 
quite flat. In the GCFR Demonstrat ion Plant, the power rating at the ends of 
the fuel column will be only half the peak power rating of the pins . Therefore , 
near the ends of the Demonstrat ion Plant fuel pins, the center l ine t empera tu re 
will be much lower and the radial thermal gradients will be much less than in 
the F-1 pins. Fuel res t ruc tur ing will consist of a smal l amotuit of equiaxed 
grain growth near the fuel inner rad ius . This fuel will retain significantly 
more of its fission gas and volatile fission products than the F-1 pins . Under 
certain conditions, the fuel in the outer radius may act as a sink for the volatile 
fission products . In addition, the breeding that will occur in the axial blanket 
pellets will resul t in a much smoother t empera ture t ransi t ion at the fuel-
blanket interfaces near the end of life in the Demonstrat ion Plant pins than in 
the F -1 pins. This should resul t in a reduced concentration of volatile fission 
products at the fuel-blanket interface, par t icular ly if s to ichiometr ic UO2 blanket 
pellets are used. 

B. Fuel Melting 

The ceramographic and e lec t ron-microprobe data show that significant 
differences exist between the high power pins (G-1 and G-2) and the lower 
power pins (G-6 and G-7). The shape of the central void in pins G-1 and G-2 
indicates fuel melting occurred and small amotuits of fuel re located to the bot
tom end of the fuel columns. The prominent ring of large porosi ty observed 
in the G-1 and G-2 s t ruc tures has been associated with the radial extent of 
fuel melting in other fuel pins.^ In addition, the microprobe determinat ion of 
the Pu-U rat io in G-1 as a function of the fuel radius showed a s t ra ight - l ine 
function from the edge of the central void to the region of high porosi ty . The 
Pu-to-U ratios at the ends of the l inear portion of the distr ibution agree quite 
well with the liquidus and solidus boundaries of the solid-liquid phase d iagram 
for the UO2-PUO2 system'" for 15 wt % Pu02-85 wt % UO2 cooling from a liquid 
to a solid. The electron-microprobe resul ts show a step change in the compo
sition of the metallic fission-product ingots at the ring of high porosi ty . The 
beta-gamma autoradiographs (Fig. 64) of the G-1 and G-2 specimens also show 
a unique fission-product distribution typically observed in fuel that has melted. 
These data from the postirradiat ion examination (PIE) indicate fuel melting 
occurred, or at least the solidus tempera ture was exceeded, in the fuel to a 
distance equal to -0.7 of the radius from the centerl ine to the cladding inner 
surface. 

The resul ts of the examination present somewhat of a di lemma because 
fuel-performance codes such as LIFE-HI and the less sophist icated heat -
transfer codes such as HECTIC IJI and THTB do not predict any fuel melting 
under the irradiat ion conditions reported by the EBR-II Pro jec t for subassem
blies X094 and X094A. The peak fuel inner surface tempera ture for G-1 using 



73 

LIFE-III , HECTIC, and THTB at s tar tup a re given in Table XIII. A LIFE-III 
calculation using the power his tory presented in Sec. I.B showed that the peak 
fuel t empera tu res were reached during s tar tup, and therefore the t empera tu res 
given in Table XIII r ep resen t the most severe condition which could be expected 
during the life of these fuel pins . The power- to-mel t tests in the LMFBR P r o 
g ram (P - I9 and F-20) also indicate powers in excess of 18 kW/ft should have 
been required to initiate any melting in these pins. 

The apparent difference in the PIE resul ts and calculated fuel t empera
tures can be explained in severa l ways; however, none are par t icular ly accept
able. The fuel pins may have been subjected to an over-power condition that 
was reac tor initiated. This is tmlikely because other exper imenters have not 
reported anomalous resu l t s , and the 20% over-power required to cause melting 

2 mm 
I 1 

2 mm 
I 1 

G-1 G-2 

2 mm 
I 1 

2 mm 
I 1 

G-6 G-7 

Fig. 64. Beta-Gamma Autoradiographs of the Midplane Cross Section from 
Fuel Pins G-1, G-2, G-6, and G-7. The dark areas represent areas 
of lower radioactivity. MSD Neg. No. 185614. 
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TABLE X m . Peak Fue l Inner Surface T e m p e r a t u r e s for G-1 
Calculated Using Three T h e r m a l P e r f o r m a n c e Codes 

Peak Fue l 
Inner Surface 

Computer T e m p e r a t u r e , 
Codes °C 

L I F E - m 

THTB 

HECTIC-III 

2204 

2283 

2418 

Gap Conditions 

Gap conductance ca lcula ted by the code 

Gap conductance of 3000 Btu/f t^-h was 
a s s u m e d 

Gap conductance of 1000 Btu/f t^-h was 
a s s u m e d 

would have been de t ec t ed by the p lant p r o t e c t i v e s y s t e m s . The p ins m a y have 
been sub jec ted to an o v e r - p o w e r condi t ion b e c a u s e of i m p r o p e r pos i t ion ing of 
the s u b a s s e m b l y in the c o r e . The fue l -handl ing t e c h n i q u e s u s e d a t E B R - I I m a k e 
th is pos s ib i l i t y e x t r e m e l y tml ike ly . In addi t ion , the c a l c u l a t e d b u r n u p us ing the 
peak power da ta f r o m Tab le XIII and the m e a s u r e d b u r n u p differ by only ±3%, 
as shown in Tab le XIV. Th i s good a g r e e m e n t be tween the m e a s u r e d and c a l 
cu la ted bu rnups i nd i ca t e s tha t c a l c u l a t e d p o w e r s w e r e c l o s e to the a c t u a l o p 
e ra t i ng cond i t ions . T h e s e bu rnup r e s u l t s i nd ica t e tha t if the m e l t i n g was c a u s e d 
by an o v e r - p o w e r condi t ion the ex tent was of s h o r t d u r a t i o n . 

TABLE XIV. Measured and Calculated Burnups for F-1 
Pins G-1, G-2, and G-6 

Sample 
Numbers 

119A-13 

119A-20 

119B-7 

119B-12 

119B-19 

119D-5 

119D-10 

119D-16 

Fuel 
Pin 

G-1 

G-1 

G-2 

G-2 

G-2 

G-6 

G-6 

G-6 

Distance 
above 

Core Bottom, 
in. 

61 
12 | 

2 

6 | 

1 2 | 

2 

6 | 

12 | 

Measured 
Burnup,^ 

at. % 

5.35 

4.35 

4.91 

5.19 

4.26 

4.44 

4.68 

3.95 

Calculated 
Burnup," 

at. % 

5.18 

4.24 

4.44 

5.05 

4.14 

4.22 

4.78 

3.93 

Difference,*-
% 

-3.18 

-2.53 

-9.57 

-2.70 

-2.82 

-4.95 

+ 2.14 

-0.51 

^Based on '«Nd yields of 1.63 at. % for "^U and 1.70 at. % for " ' P u . 
Based on the power calculated from EBR-U data reduced by 9%. Power 
for Runs 47 through 54 based on memorandum from A. Foltman to 
S. Greenberg and R. Strain, August 29, 1974. Power for Runs 56 through 

^6^ based on EBR-II postrun fission-rate data for position 7B6. 
'(BUc-BUjn)/BUjnX 100. BUc = calculated burnup and BU^^ 
burnup. measured 
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The experiment design requi red the use of a thermal b a r r i e r in the 
capsule to attain the des i red cladding t empera tu re s . Therefore , the elements 
were , in effect, doubly encapsulated and had two annular sodium bonds. Defects 
in the sodium bonds could have caused the fuel melting observed in fuel pins G-1 
and G-2. However, observation of melting in the higher power fuel pins and not 
in the lower power pins indicates that the higher power caused the bond defects, 
or the defects occur red only in the higher power pins by coincidence. 

Another possible explanation is that relat ively low-melting fission-
product fuel mixtures formed as burnup proceeded. The mate r i a l s were located 
radially in a position where the t empera ture was below their melting point dur
ing normal reac to r operation. However, when the l inear power rating went 
through a significant step inc rease , such as at the beginning of Run 56 at the 
time the s ta inless reflector was installed, the low-melting mate r i a l s may have 
formed eutectic mixtures with the fuel, which caused melt ing. The fission-
product Ba has been fotond as BaO-SrO inclusions at the outer edge of the 
co lumnar-gra in region in a number of fuel pins at burnups above 6 at. %. A 
phase d iagram for the BaO-U02 sys tem shows two compounds (BaU03 and 
BasUO^) with a eutectic at ~2100°C for the U02-BaU03 solid solution and a eu
tectic at ~1800°C for the BaO-Ba3U06 solid solution. The relatively low boiling 
point of BaO (~2000°C) indicates BaO should have a high vapor p r e s s u r e and 
migrate to the cooler regions of the fuel. However, the presence of mate r i a l 
containing quite high Ba concentrations at the centerl ine near the bottom of 
the G-1 fuel column (Fig. 45) shows that compotinds containing Ba can exist 
in the hotter regions of the fuel. Similar dendritic oxide s t ruc tures have been 
observed in other fuel pins that underwent fuel melting ^ and in extremely high 
burnup pins (~15at. %). At present , no analytical explanation exists for the 
presence of the dendrit ic ma te r i a l in the centra l void. 

Although compotinds of BaO have been found near the outer edge of the 
columnar gra ins and these compounds could form low-melting eutectics with 
the fuel, an insufficient amount of Ba is present , which will significantly reduce 
the melting point of the entire co lumnar-gra in zone at one t ime. Melting could 
occur if the Ba caused a smal l radial zone to mel t and the melted zone migra ted 
up the t empera tu re gradient to the centra l void. Migration of the Ba up the 
tempera ture gradient in a molten zone would explain the presence of the Ba-
containing dendrit ic oxide ma te r i a l at the centerl ine near the bottom of the fuel 
column. 

C. Actinide Redistr ibution 

The radial actinide distr ibution in fuel pins G-1 and G-2, d iscussed in 
Sec. I .E, appears to be the resu l t of fuel melting ra ther than the normal vapor-
phase redis t r ibut ion mechanism. The actinide distribution at the center l ine 
of G-6 can be considered normal ; Pu has the highest concentrat ion at the inner 
edge of the fuel and reduces hyperbolically to nominal values in the equiaxed 
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and u n r e s t r u c t u r e d zones of the fuel . The fuel can be d i s p l a c e d a x i a l l y in a 
fuel pin by annu la r pe l l e t s s lumping a s a r e s u l t of fuel m e l t i n g , fuel f r a g m e n t s 
fal l ing to the bo t t om of the c e n t r a l ho le a s a r e s u l t of f r a c t u r e of the fuel f r o m 
t h e r m a l shock on s t a r t - u p , and e v a p o r a t i o n - c o n d e n s a t i o n p r o c e s s e s du r ing o p 
e r a t i o n . The lower P u conten t a t the i nne r s u r f a c e of the s a m p l e t aken n e a r 
the top of the G-6 fuel co lumn a p p e a r s to be the r e s u l t of fuel t r a n s p o r t by 
evapo ra t i on f r o m the h i g h e s t t e m p e r a t u r e r e g i o n s and c o n d e n s a t i o n in the r e 
gion ope ra t ing at a lower t e m p e r a t u r e . The h i g h e r v a p o r p r e s s u r e of u r a n i u m 
ox ides , in c o n t r a s t to p lu ton lum ox ides , r e s u l t s in a r e d u c e d P u con t en t in the 
m a t e r i a l that i s condensed f r o m the v a p o r . The m a t e r i a l wi th the l o w e r P u 
content , the downturn a t the fuel i nne r s u r f a c e (F ig . 43), m u s t h a v e been d e 
pos i t ed , s ince the P u - c o n t a i n i n g m a t e r i a l is c l o s e r to the c e n t e r l i n e than the 
r a d i u s of the o r ig ina l ho le in the annu l a r p e l l e t s . 

The loca t ion of fuel tha t h a s c o n d e n s e d f r o m the vapor p h a s e is d e p e n 
dent on the t e m p e r a t u r e of the i n n e r s u r f a c e of the fue l . T h i s i s i l l u s t r a t e d 
by the loca t ion of depos i t ed fuel n e a r the top of the fuel c o l u m n s of G - 1 , G - 3 , 
and G-6 , a s shown in F i g . 65 . In G - 1 , the i n n e r s u r f a c e t e m p e r a t u r e was qui te 
high ad jacent to the fue l -b lanke t i n t e r f a c e ; t h e r e f o r e , the c o n d e n s e d fuel i s 
loca ted n e a r the top of the fuel co lumn and is qu i te d e n s e . In G - 3 , the depos i t ed 
fuel extends f a r t h e r f r o m the fue l -b lanke t i n t e r f a c e , and the fuel a t the c e n t e r -
l ine is qui te p o r o u s . The fuel in G-6 h a s been d e p o s i t e d a s fa r a s l / 2 in . f r o m 
the top fue l -b lanke t i n t e r f a c e , and the fuel tha t h a s been d e p o s i t e d a t the c e n t e r -
l ine is e x t r e m e l y p o r o u s . T h e s e r e s u l t s i nd ica t e tha t , a s the power r a t i n g and 
t h e r e f o r e the inner su r f ace t e m p e r a t u r e s a r e l o w e r e d , fuel can be d e p o s i t e d by 
condensa t ion n e a r e r the peak power (and t e m p e r a t u r e ) r e g i o n of the fuel p in . 
The depos i t ion of u r a n i u m - r i c h fuel s ign i f ican t d i s t a n c e s f r o m the f u e l - b l a n k e t 
i n t e r f ace s ind ica tes that , in fuel p ins for the D e m o n s t r a t i o n P l a n t with low 
power r a t i n g s (~6 or 7 kW/ft) a t the ends , the fuel wil l be d e p o s i t e d ove r a 
s ignif icant length, and sol id c l o s u r e s a t the top of the c e n t r a l h o l e , s i m i l a r to 
those in G-1 and G-2 , p robab ly wil l not o c c u r . 

D. Rad ia l Oxygen P o t e n t i a l 

The M o - c o n c e n t r a t i o n data (F ig . 44) for the oxide p h a s e was c o m b i n e d 
with the noble m e t a l inc lus ion m e a s u r e m e n t s g iven in T a b l e XI to c a l c u l a t e the 
oxygen potent ia l g r ad i en t a t the midp lane of G - 1 . The method^^ u s e d to c a l c u 
la te the oxygen poten t ia l g r a d i e n t i s b a s e d on the d i s t r i b u t i o n of Mo b e t w e e n the 
a l loy and the oxide p h a s e s . The b a s i c concept of the m e t h o d involved the a s 
sumpt ions that (1) a t each point in the fuel dur ing i r r a d i a t i o n a l o c a l e q u i l i b r i u m 
ex i s t s be tween oxidized Mo in the fuel m a t r i x and r e d u c e d Mo in the noble m e t a l 
i nc lu s ions , and (2) this e q u i l i b r i u m is r e t a i n e d as the fuel pin i s c o o l e d . 

With the a s s u m p t i o n that dur ing i r r a d i a t i o n a loca l e q u i l i b r i u m e x i s t s 
be tween the oxide and r e d u c e d f o r m s of Mo, the oxygen po ten t i a l i s c a l c u l a t e d 
f r o m the equat ion 
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(a) 

(c) 

Fig. 65. Amount of Central Hole Closing at the Top of the Fuel Columns, (a) Fuel pin G-1 peak 
power 15.0 kW/ft. MSD Neg. No. 168784. (b) Fuel pin G-3 peak power 14.4 kW/ft. 
MSD Neg. No. 165602. (c) Fuel pin G-6 peak power 13.3 kW/ft. MSD Neg. No. 169838 
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^^02= ^ ^ ? M O 0 2 " ' ' ' ' ' " ' M V " ^ O ' '̂̂  

w h e r e AG? i s the s t a n d a r d f r ee e n e r g y of f o r m a t i o n of M0O2, ajy^^ I S the 

^MoO 
ac t iv i ty Of Mo in the noble m e t a l inc lus ion , and a j^o02 ^^ ^^^ ac t i v i t y of Mo 
(as the dioxide) in the oxide m a t r i x ad j acen t to the m e t a l l i c i n c l u s i o n . The 
ca l cu l a t i ons for G-1 at the c o r e m i d p l a n e a r e g iven in T a b l e XV. T h e oxygen 
po ten t i a l g r a d i e n t found is s i m i l a r to tha t m e a s u r e d for o the r oxide f u e l s . A l s o , 
the data show a s m o o t h changing oxygen po ten t i a l wi th no a b r u p t c h a n g e s a s 
o b s e r v e d with the ac t in ide e l e m e n t s or Nd. T h u s , the fuel m i c r o s t r u c t u r e and 
c o m p o s i t i o n typ ica l of m e l t i n g , which p r o b a b l y o c c u r r e d a t mid l i f e of the i r 
r a d i a t i o n p e r i o d , h a s been a l t e r e d and the oxygen po t en t i a l g r a d i e n t i s now 
smoo th and con t inuous . T h e s e r e s u l t s a r e c o n s i s t e n t with s o l i d - s t a t e diffusion 
of oxygen th roughout the i r r a d i a t i o n p e r i o d as the m a j o r m e c h a n i s m of a t t a in ing 
o v e r a l l oxygen e q u i l i b r i u m . 

T A B L E XV. Oxygen P o t e n t i a l Da ta for G-1 a t the C o r e M i d p l a n e 

F u e l 
R a d i u s , 

c m 

0.1182 

0.1472 

0.1796 

0.2157 

0.2412 

0.2448 

T( 

E . Cladding 

s m p e r a t u r e , 
°K 

2543 

2468 

2334 

2134 

1965 

1938 

C h a r a c t e r i z 

O / M 
Ra t io 

1.968 

1.973 

1.980 

1.988 

1.992 

1.991 

a t ion 

^ ^ 0 2 ' 

k c a l / m o l e x 10" 

-7 .647 

-7 .802 

-8 .004 

-8 .299 

-8 .601 

-8 .671 

a t m X 10* 

26.79 

12.39 

3.203 

0.317 

0.0271 

0.0167 

i"Po, 

- 1 5 . 1 3 

-15 .91 

-17 .26 

-19 .57 

- 2 2 . 0 3 

-22 .52 

The i r r a d i a t i o n of m i x e d - o x i d e fuel p ins g e n e r a l l y h a s t h r e e m a j o r ef
fects on the c ladding: fue l -c ladding c h e m i c a l i n t e r a c t i o n , d i m e n s i o n a l c h a n g e s 
(cladding swel l ing and i ne l a s t i c de fo rma t ion ) , and m i c r o s t r u c t u r a l c h a n g e s . 
The FCCI r e s u l t s given in Tab le X and shown in F i g . 66 ind i ca t e t h a t the s e 
v e r i t y of FCCI in t he se pins i n c r e a s e s with t e m p e r a t u r e and the i n i t i a l O / M of 
the fuel, which is in a g r e e m e n t with o the r r e p o r t e d data.'"* The m a x i m u m F C C I 
of 2.5 m i l s in G-1 is a l s o in good a g r e e m e n t with va lues c a l c u l a t e d by m e a n s 
of the cladding was tage equat ion tha t is u s e d in the L I F E - I I f u e l - e l e m e n t p e r 
f o r m a n c e code . Tha t i s , the F - 1 data for the depth of F C C I and i t s d e p e n d e n c e 
on t e m p e r a t u r e and in i t i a l O / M of the fuel a r e in a g r e e m e n t with L M F B R da t a 
on F C C I . The only tmique f e a t u r e s of the F C C I in the F - 1 pins w e r e the l a c k of 
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Fig. 66. Maximum FCCI Depth for the F-1 Series 
Fuel Pins at ~5 at. % Burnup. MSD Neg. 
No. 63991. 

Mo in the a t t a c k zone and the l a c k of 
F C C I at the ends of the r a d i a l c r a c k s 
in the fuel in G- 1. The l ack of Mo in 
the F C C I zone and the h igh Mo conten t 
of i n c l u s i o n s in r a d i a l c r a c k s in the 
fuel n e a r the c ladding in G-1 m a y i n 
d ica te tha t m a t e r i a l m o v e d down the 
c r a c k s a s CS2M0O4 and the Cs and O2 
r e a c t e d with C r in the s t a i n l e s s s t e e l 
c ladding , l eav ing Mo in the c r a c k s . 
The l ack of a t t a ck at the c r a c k open
ings m a y be c a u s e d by r e d u c e d s t r e s s 
in the c ladding a t the opening . The 
s t r e s s is h igh on e i t h e r s ide of the 
c r a c k and w h e r e the fuel is in c o n t a c t 
with the c ladding; s t r e s s m a y be a c 
c e l e r a t i n g the c o r r o s i o n . 

The c ladding d e n s i t y da ta g iven 
in Tab le XII show tha t no m e a s u r a b l e 

swel l ing o c c u r r e d in the c ladding f r o m the F - 1 fuel p i n s . Ca l cu l a t i on of s w e l l 
ing, u s ing the c u r r e n t des ign equa t ion for 20% c o l d - w o r k e d Type 316 s t a i n l e s s 
s t e e l , r e s u l t e d in swel l ing va lues f r o m 0.067 to 0.67% vo lume change for the 
dens i t y s p e c i m e n s (Tab le XII) . The o v e r p r e d i c t i o n of swel l ing i s not s u r p r i s i n g 
s ince th i s i s a c o n s e r v a t i v e des ign equa t ion . B a s e d on the dens i ty r e s u l t s , i t 
a p p e a r s tha t the d i a m e t r a l changes i nd i ca t ed by the p o s t i r r a d i a t i o n p r o f i l o m e t r y 
a r e due to i n e l a s t i c d e f o r m a t i o n of the c l add ing . The d e f o r m a t i o n i s a s s u m e d 
to be c a u s e d by fue l - c l add ing m e c h a n i c a l i n t e r a c t i o n b e c a u s e the s t r e s s r e s u l t 
ing f r o m the g a s p r e s s u r e in the fuel p ins i s qui te s m a l l (~2000 p s i hoop s t r e s s ) . 

S igni f icant m i c r o s t r u c t u r a l changes o c c u r r e d in the c ladding as a r e 
su l t of the i r r a d i a t i o n . The c ladding sub j ec t ed to o p e r a t i n g t e m p e r a t u r e s below 
700°C exh ib i t ed m i c r o s t r u c t u r e s tha t i nd i ca t ed p r e c i p i t a t i o n of c a r b i d e along 
g r a i n and twin b o u n d a r i e s . The m i c r o s t r u c t u r e of the s a m p l e s f r o m G-6 and 
G-7 fell into th i s c a t e g o r y and w e r e t yp i ca l of the m i c r o s t r u c t u r e o b s e r v e d in 
20% c o l d - w o r k e d Type 316 s t a i n l e s s s t e e l c ladding f r o m the L M F B R P r o g r a m . 
The c ladding f r o m G-1 and G-2 s u b j e c t e d to o p e r a t i n g t e m p e r a t u r e s above 
700°C exh ib i t ed m u c h c o a r s e r p r e c i p i t a t e s , including i n t e r m e t a l l i e s tha t w e r e 
qui te l a r g e (up to 10 p, in d i a m e t e r ) . 

An e x t e n s i v e i n v e s t i g a t i o n of c ladd ing s a m p l e s f r o m G-1 was p e r f o r m e d 
us ing s c a n n i n g - e l e c t r on m i c r o s copy (SEM) to c h a r a c t e r i z e the c o m p o s i t i o n of the 
p r e c i p i t a t e s and the m i c r o s t r u c t u r a l v a r i a t i o n a c r o s s the c ladding w a l l . S a m p l e s 
of a r c h i v e tubing f r o m the f a b r i c a t i o n of t h e s e F - 1 fuel p ins w e r e a n n e a l e d for 
1000 h a t 700, 725, 750, 775, and 800°C so tha t c o m p a r i s o n s of m i c r o s t r u c t u r e 
could be m a d e in an effor t to d e t e r m i n e the o p e r a t i n g t e m p e r a t u r e of the G-1 
c ladd ing b a s e d on e x p e r i m e n t a l d a t a . The d e t a i l e d r e s u l t s of t h i s i n v e s t i g a t i o n 
wi l l be r e p o r t e d e l s e w h e r e , but a s u m m a r y of the r e s u l t s i s i nc luded h e r e . 
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The distribution and size of the precipi ta tes at locations a c r o s s the 
cladding wall, which can be compared with those in the annealed spec imens , 
were used to est imate the operating tempera tures of the OD and ID of the 
cladding at the midplane and near the top of the fuel colunm in G - 1 . The SEM 
photographs of the mic ros t ruc tu re ac ross the cladding of G-1 and the annealed 
specimens a re shown in F ig s . 67 and 68, respect ively. The outside edge of 
the cladding appears to have been subjected to t empera tu res between 700 and 
725°C, based on the lack of large intermetal l ic precipi ta tes and the distr ibution 
of fine precipitates on grain and twin boundaries . The inner surface of the 
cladding appears to have been subjected to t empera tu res between 750 and 775°C, 
based on the presence of numerous large intermetal l ic precipi ta tes and str ings 
of precipi tates along twin boundaries. 

The est imates of the operating t empera tu res were not based on the 
presence or lack of certain precipi tates because the composition of the p r e 
cipitates found in the i r radia ted cladding was not always the same as that found 
in the annealed cladding samples . Large (~0.5 M-) carbide precipi ta tes were 
found at the OD of the G-1 cladding, whereas carbide precipi ta tes of sufficient 
size for positive identification were not present in the specimens annealed at 
tempera tures below 775°C. The composition of the chi phase in the i r rad ia ted 
cladding contained significantly more Cr than the annealed spec imens . Several 
possibilities exist that could cause these differences. The annealing studies 
were only 1000 h, whereas the G-1 cladding was at t empera tu re for -7000 h. 
The G- 1 cladding could have been al tered chemically by the fuel at the clad
ding ID. In fact, the Cr content of the matr ix was reduced near the cladding ID, 
as shown by the C r / F e rat ios shown in Fig. 69. The cladding ID in this case 
refers to the stainless steel adjacent to the FCCI zone not the initial cladding 
ID. The effect of the fast-neutron irradiat ion of the cladding on the diffusion 
ra tes of the substitution elements (Cr and Ni) must also be considered, but the 
enhancement of diffusion should be negligible at these t e m p e r a t u r e s . 

III. CONCLUSIONS 

The postirradiation examination of five fuel pins from the GCFR F-1 
ser ies irradiation after ~5 at. % burnup has , in general , shown good pin pe r 
formance. The fuel pins exhibited good dimensional stability, no significant 
axial growth of the fuel colunm, and only 0.3% maximum diamet ra l i nc r e a s e . 
Maximum FCCI of -2.5 mils was observed in the fuel pin that operated with a 
peak cladding temperature of ~760°C, and a maximum FCCI of ~1 mil was ob
served in the fuel pins that operated at ~700°C or l e s s . The two highest power 
fuel pins exhibited fuel melting near the centerl ine but only slight fuel slumping 
occurred. The fuel melting had no adverse effects on the overal l performance 
of the fuel pins. A satisfactory cause for the fuel melting has not been found 
In summary, the resul ts of the PIE have indicated no new potential problem 
areas for GCFR fuel-pin performance. 
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Fig. 68. SEM Photographs of Unirradiated Archive Cladding Annealed 1000 h at Temperatures from 700 to 800°C. (a) 700°C. MSD Neg. No. 200305. 
(b) 725°C. MSD Neg. No. 200341. (c) 750°C. MSD Neg. No. 200297. (d) 775°C. MSD Neg. No. 200330. (e) 800°C. MSD Neg. No. 200320. 
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Fig. 69. Depletion of Cr Adjacent to the FCCI in the Cladding from 
the Midplane of Fuel Pin G-1. MSD Neg. No. 63989. 
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APPENDIX 

Results of Fuel-densi ty Measurements Made with 
Quantitative Metallography 

1. Radial Fuel-densi ty Distributions of G-1 and G-6 

The density of the fuel in the metal lographic sections of e lements G-1 
and G-6 was determined using a Quantimet image analyzer . As mentioned in 
Ref. 2, these measurements a re subject to e r r o r s of ~2% and an tmknown sys 
tematic e r r o r that a r i s e s from sample preparat ion and fuel cracking. T h e r e 
fore, the absolute values shown in F igs . 70 through 74 a r e low by an unknown 
amount. The usefulness of the measurements is therefore l imited to the r e l a 
tive densities of the fuel in the c ross sect ions. 
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Fig. 70. Diametral Fuel-density Distribution for Top 
and Bottom of G-6 Fuel Column, (a) Top 
longitudinal section, (b) Bottom longitudinal 
section. MSD Neg. No. 63963. 

Fig. 71. Radial Fuel-density Distribution for the Trans
verse Sections from G-6. (a) 11.15 in. above 
core bottom, (b) 6.75 in. above core bottom, 
(c) 3.25 in. above core bottom. MSD Neg. 
No. 63965. 
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Fig. 72. Diametral Fuel-density Distribution for 
Top (a) and Bottom (b) of G-1 Fuel 
Column. MSD Neg. No. 63964. 

Fig. 73. Radial Fuel-density Distribution for Sections 
from G-1. (a) 6.75 in. above core bottom, 
(b) 3.3 in. above core bottom. MSD Neg. 
No. 63966. 

»9 

c/) 
z 
LU 
O 

100 

95 

90 

85 

80 

75 

70 

65 

-

-

1 1 1 1 1 1 1 1 1 
10 20 30 40 50 60 70 

PERCENT OF FUEL RADIUS 

80 90 100 

Fig. 74. Radial Fuel-density Distribution for Sections from G-1 11.3 in. 
above Core Bottom. MSD Neg. No. 63959. 
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2. Fuel-densi ty Determination 

The measurements were made by projecting an image of the fuel micro-
s t ructure on a Vidicon scanner . Fea tures in the mic ros t ruc tu re can then be 
detected according to their gray level. The threshold of detection is selected 
by the operator, and the area corresponding to that gray level is calculated by 
the computer portion of the sys tem. 

The Quantimet determination of void a rea has an accuracy of 2%, as 
determined by calibrated measurements on UO2 specimens of known density 
at a magnification of 250X. The main source of e r r o r in the measu remen t is 
the resul t of operator judgment; required to set the threshold of detection, 
which, in turn, affects the detected void s ize . The threshold of detection r e 
mains unchanged during a t r ave r se ac ross the fuel rad ius . Therefore , the 
measurement of the relat ive density ac ross a specimen is more accura te than 
from specimen to specimen. Other factors affecting the accuracy of the mea
surement a re the extent of fuel pull-out during sample prepara t ion and the 
presence of large cracks in the fuel. Both of these e r r o r s a r e difficult to 
quantify, but they can be minimized by careful selection of the radi i to be t r a 
versed and by careful sample preparat ion. It should be noted that both of these 
e r r o r s tend to make the measured density less than the actual density. 
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